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Abstract 
 
There is a need to develop a model to predict the liberation of minerals in breakage products as this 
is a key step in linking comminution and separation models in an integrated mineral processing 
simulator. Such a model would allow metallurgists to optimise grinding operations in response to 
changes in ore characteristics. This thesis aims to predict mineral liberation using a model based on 
random breakage of a measured texture, and to validate the model prediction against actual 
experimental breakage tests. A published, texture-based model of mineral liberation that uses the 
assumption of random breakage of the mineral texture to generate product particles called the JK 
Gaudin Random Liberation Model (JK-GRLM) (Evans et al. 2013) has been used as the basis of 
this study.  
 
In earlier empirical work a number of researchers (Berube and Marchand (1984), Manlapig et al. 
(1985), Wightman et al. (2008) and Vizcarra (2010)) observed the heuristic model that the degree of 
liberation in a given size fraction is the same regardless of where in the comminution circuit a 
sample is collected. This behaviour was observed for various ore types and was found to be 
independent of the mode of breakage. However, the published research does not explicitly consider 
the effect of amount of energy applied to break the ore on the distribution of the mineral across 
liberation and particle size classes. 
 
Two ore types were used in this study, namely ores from Kanowna Belle (KB) and Kennecott Utah 
Copper Corporation (KUCC). The original JK-GRLM was applied to simulate the product particle 
liberation distribution from breakage of the two ores. Experimental validation of the JK-GRLM was 
conducted by comparing the simulated and measured liberation distribution results. In this study, 
three different impact breakage energies were applied to samples of each ore to investigate whether 
the amount of breakage energy input affects the liberation behaviour of the ore. The particulate 
products of these three impact breakage energies were analysed using the MLA to measure the 
cross-sectional area liberation that was then compared to equivalent areal liberation data from the 
simulated results.  
 
Comparison of the simulated and measured results for the KB and KUCC ores showed that the 
simulated cross-sectional area particle composition distributions using the original JK-GRLM did 
not predict the measured values accurately. While non-random breakage of the ore was recognised 
as one possible cause of the differences between the simulated and measured liberation, it was 
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postulated that another potential reason for the inaccurate predictions is the way in which texture is 
represented in the original JK-GRLM. Specifically the representation of texture using an average 
grain size distribution, cubic grains and random spatial distribution of the mineral grains to create 
the feed ore texture in the breakage simulation rather than in the actual spatial arrangement and 
grain shape of the measured ore. Therefore, the JK-GRLM was extended to assess the effect of 
using measured 3D ore textures as inputs to the model. 
 
Selected samples of KB ore textures were measured using X-ray tomography to provide inputs to 
the extended JK-GRLM that allowed the actual 3D ore textures to be used. These texture samples 
were broken using impact breakage and the product particles analysed using X-ray tomography to 
measure their volumetric liberation distribution. Comparison of the simulated and measured results 
of these samples did not show a conclusive trend. Analysis of the results indicated that the number 
of texture samples which were able to be analysed was not sufficient to allow for statistically valid 
conclusions to be drawn. Further work is required to conclude whether using measured ore textures 
in the extended JK-GRLM to predict mineral liberation produces more accurate estimates of 
liberation than the original JK-GRLM. 
 
Occurrences of non-random breakage, specifically grain boundary breakage, were detected in the 
KB ore. This has been postulated as one of the reasons that the extended JK-GRLM did not predict 
the liberation distribution accurately.  
 
A key finding of this research is that the amount of impact energy applied to the KB and KUCC 
ores has no significant effect on the degree of liberation of a mineral in a given size fraction 
measured using particle sections.  This provides sound experimental evidence to support the 
heuristic model. 
 
One important outcome of this work is an alternative method for quantifying the mineral liberation 
of the breakage products. This method is a combination of the heuristic model and a new model to 
predict mineral distribution across breakage product size fractions proposed in this study, based on 
extending the “map of relative ore breakage” approach of Narayanan and Whiten (1983) to 
minerals. The new model of mineral distribution predicts the mineral distributions of the sulphide 
and gangue minerals in the KB and KUCC ores well with the predicted values, showing good 
correspondence to the measured values for a range of input breakage energies. 
 iii 
 
 Declaration by author 
 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research higher degree 
candidature and does not include a substantial part of work that has been submitted to qualify for 
the award of any other degree or diploma in any university or other tertiary institution. I have 
clearly stated which parts of my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
Publications during candidature 
 
Peer-reviewed journal papers 
MARIANO, R. A. & EVANS, C. L. 2015. Error analysis in ore particle composition distribution 
measurements. Minerals Engineering, 82, 36-44. 
 
MARIANO, R. A., EVANS, C. L. & MANLAPIG, E. 2016. Definition of random and non-random 
breakage in mineral liberation - A review. Minerals Engineering, 94, 51-60. 
  
Publications included in this thesis 
 
No publications included. 
 
 Contributions by others to the thesis  
 
This research project was proposed by Dr. Cathy Evans who also assisted in the conception and 
design and in editing the entire thesis. The work in this thesis was discussed with my supervisors 
Dr. Cathy Evans, Prof. Emmy Manlapig and Dr. Rob Morrison that include the analysis and 
interpretation of research data. The initial idea that the relationship between breakage energy and 
mineral distribution across size fractions could be modelled by adapting the “map of relative ore 
breakage” approach of Narayanan and Whiten (1983) came from Dr. Cathy Evans but the 
subsequent research to turn this idea into a method has been my own work.  
 
Prof. Tim Napier-Munn provided technical support during the development of this work. Prof. 
William Whiten contributed in the development of the JK-GRLM version in MATLAB, particularly 
showing how to make the code more efficient in time-consuming simulations. 
 
Dr. Elaine Wightman and Ms. Kellie White performed the MLA measurements, and Dr. Deming 
Wang and Dr. Xiaoli Yuan performed the X-ray Tomography measurements described in the 
research work. 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None. 
 v 
 
Acknowledgements 
First of all, I thank God for this wonderful accomplishment that he had in store for me (Jeremiah 
29:11). To God be all the glory. 
To the AMIRA P9P sponsors and UQ, thank you for providing financial support for my research. 
My deepest gratitude to Dr. Cathy Evans, my principal advisor, for guiding me all throughout this 
PhD. I would not be able to start, proceed and finish strong without her. I am grateful for her 
generosity to impart her knowledge and skills, dedication to oversee my progress and support in my 
career development. As well as for reviewing my manuscript from beginning to end.   
Besides, Dr. Cathy Evans, I would like to thank Dr. Rob Morrison, my associate advisor for his 
valuable inputs on this project, and for his timely feedback on my queries and manuscript. I would 
not forget his reason for joining my advisory team when we invited him that he is doing it for the 
love of learning. He is such as inspiration. I would also like to thank Prof. Emmy Manlapig, my 
associate advisor along with Dr. Herman Mendoza (my adviser from the University of the 
Philippines) for introducing to me the postgraduate opportunities at JKMRC. I appreciate his 
constructive feedback on my thesis and our entertaining discussions.  
I am grateful to Prof. Tim Napier-Munn for his academic advice and unwavering support which has 
been critical in my thesis progress. I am indebted to Prof. William Whiten for helping me to build 
up my programming skills in MATLAB and for his contribution in developing the MATLAB 
version of the JK-GRLM. Credit is also due to Mr. Michal Andrusiewicz for sharing his knowledge 
on the JK-GRLM.  
I acknowledge Dr. Benjamin Bonfils for the training he has given me in using the SILC and Mr. 
Francois Vos for providing his technical expertise. 
Thank you to all the present and past staff of the JKMRC especially to the MCRF staff. To Dr. 
Deming Wang, Dr. Xiaoli Yuan, Dr. Elaine Wightman and Kellie White for assisting me with the 
characterization of my ores and to Jon Worth and Jeff Parkes for their help with my pilot plant 
work.  
Cheers to all the students - my friends, my time at the JKMRC would not be as awesome as it has 
been without you. Shout out to the Filipino team, Kate Tungpalan and Vannie Resabal, we had a 
good time. To my officemate, Maedeh Tayebi, thanks for keeping us sane. To German Figueroa, 
thank you for leading the JKMRC student body with me, it was truly a memorable experience.  
 vi 
 
To Jay Romero, thanks for the love and encouragement.  
Lastly, I dedicate this thesis to my parents, Daddy Rey and Mama Dette and to my siblings, 
Raycelle and Gboy for their unconditional love and support.   
 vii 
 
Keywords 
 
mineral liberation, comminution, modelling and simulation 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 091404, Mineral Processing/Beneficiation (100%) 
 
 
Fields of Research (FoR) Classification 
 
FoR code: 0914, Resources Engineering and Extractive Metallurgy, 100% 
 
 
  
 viii 
 
Table of Contents 
 
Measurement and Modelling of the Liberation and Distribution ........................................................ 1 
of Minerals in Comminuted Ores ......................................................................................................... 1 
CHAPTER 1 Introduction .................................................................................................................... 1 
1.1  Context ................................................................................................................................. 1 
1.2  Hypothesis ............................................................................................................................ 4 
1.3  Thesis Outline....................................................................................................................... 5 
CHAPTER 2 Literature Review .......................................................................................................... 8 
2.1 Mineral Liberation ...................................................................................................................... 8 
2.2 Modelling Mineral Liberation .................................................................................................. 10 
2.2.1 Texture-based models of mineral liberation ...................................................................... 13 
2.2.2 Summary of texture-based models of mineral liberation .................................................. 41 
2.3 Non-random breakage in mineral liberation ............................................................................ 42 
2.3.1 Definition of random and non-random breakage in mineral liberation ............................. 42 
2.3.2 Non-random breakage in the literature .............................................................................. 42 
2.3.3 Investigation of non-random breakage .............................................................................. 44 
2.4 Observations on mineral liberation in comminution ................................................................ 56 
2.4.1 Ore Texture ........................................................................................................................ 60 
2.5 Modelling the product mineral distribution.............................................................................. 61 
2.5.1 Wiegel (2006) Directional Coefficient .............................................................................. 61 
2.5.2 Weedon (1992) L-curves ................................................................................................... 63 
2.5.3 Bazin et al. (1994) Model .................................................................................................. 64 
2.6 Summary of Literature Review ................................................................................................ 67 
2.7 Gaps identified in the literature ................................................................................................ 67 
Chapter 3 Experimental Program ....................................................................................................... 68 
3.1 Introduction .............................................................................................................................. 68 
3.2 Methodology Overview ............................................................................................................ 68 
3.3 Ore characterisation .................................................................................................................. 69 
3.3.1 KB ore mineralogy ............................................................................................................ 69 
3.3.2 KUCC ore mineralogy ....................................................................................................... 71 
3.4 Phase 1: Preparation of samples for textural characterisation .................................................. 72 
3.4.1 Sample preparation of KB ore ........................................................................................... 74 
3.4.2 Sample preparation of KUCC ore ...................................................................................... 75 
3.5 Phase 2: Simulating Random Breakage ................................................................................... 76 
 ix 
 
3.5.1 Multiple particles method to generate the virtual block as input to the liberation model . 76 
3.5.2 Single particle method as measured texture input to the liberation model ........................ 77 
3.6 Phase 3: Physical Breakage Test .............................................................................................. 78 
3.6.1 Multiple particles breakage tests ....................................................................................... 78 
3.6.2 Single particle breakage tests............................................................................................. 80 
3.7 Phase 4: Comparison of measured and simulated breakage products ...................................... 95 
3.7.2 Method to test significance of differences between the measured and simulated particle 
composition distributions............................................................................................................ 96 
3.7.3 Investigating types of non-random breakage ..................................................................... 96 
CHAPTER 4 Predicting the Mineral Liberation of Breakage Products Using the Extended JK-
GRLM ................................................................................................................................................ 99 
4.1 Introduction ......................................................................................................................... 99 
4.2 The original JK-GRLM Approach ...................................................................................... 99 
4.2.1 JK-GRLM approach as a MATLAB program ................................................................. 100 
4.2.2 Validating the extended JK-GRLM program using the published data of Wiegel (1976)
 .................................................................................................................................................. 102 
4.2.3 Investigating the effect of using different dimensional sampling on the simulated particle 
composition distribution ........................................................................................................... 103 
4.3 Extending the JK-GRLM ....................................................................................................... 106 
4.3.1 Using a fully measured texture as the virtual block ........................................................ 106 
4.3.2 Using a real particle shape as the 3D sampling volume .................................................. 108 
4.4 Textural characteristics of KB mini core samples............................................................. 111 
4.4.1 Mineral composition of the KB mini core samples ......................................................... 112 
4.4.2 Pyrite grain size distribution in the KB mini core samples ............................................. 113 
4.4.3 Observations on the textural characteristics of KB mini core particles ........................... 120 
4.4.4 Classifying ore textures using data measured in 3D ........................................................ 120 
4.5 Comparison of the liberation results from the original and extended version of the JK-GRLM
 ...................................................................................................................................................... 125 
4.5.1 Comparison of the liberation results from using the measured texture and the original JK-
GRLM virtual block ................................................................................................................. 125 
4.5.2 Comparison of the liberation results from using the 3D real particle shapes and cube 
samplers .................................................................................................................................... 132 
4.6 Investigating the volumetric and cross-sectional area liberation distribution of pyrite and 
silicate minerals in the KB ore ..................................................................................................... 135 
4.7 Summary ................................................................................................................................ 137 
4.8 Conclusions ............................................................................................................................ 137 
 x 
 
CHAPTER 5 Testing the Predictive Capability of the Extended JK-GRLM .................................. 138 
5.1 Introduction ....................................................................................................................... 138 
5.2 Characteristics of the breakage products of KB mini cores .............................................. 138 
5.2.1 Product particle size distribution analysis ....................................................................... 139 
5.2.2 Measured liberation results .............................................................................................. 141 
5.2.3 Grouping the breakage products of the KB mini core samples ................................. 145 
5.3 Testing the predictive capability of the extended JK-GRLM ................................................ 149 
5.3.1 Comparison of measured and simulated liberation spectrum .......................................... 149 
5.3 Comparison of measured liberation results of KB mini core texture groups .................... 153 
5.4 Testing the predictive capability of the original JK-GRLM ............................................. 155 
5.4.1 Simulated product particle composition distribution of the KB and KUCC multiple 
particles ..................................................................................................................................... 155 
5.5 Investigating non-random breakage in KB ore ................................................................. 166 
5.6.1 Observations of possible non-random behaviour....................................................... 167 
5.6.2  Investigation of grain boundary breakage .................................................................. 169 
5.7 Conclusions ............................................................................................................................ 171 
Chapter 6 Effect of Breakage Energy in the Liberation Behaviour of Minerals ............................. 173 
6.1 Introduction ............................................................................................................................ 173 
6.2 Results and Discussion ........................................................................................................... 174 
6.2.1 KB and KUCC ore measured particle composition distribution ..................................... 174 
6.2.2 Error analysis in particle composition distribution .......................................................... 177 
6.2.3 Comparison of product particles composition distribution at different breakage energy 
levels ......................................................................................................................................... 196 
6.3 Conclusions ............................................................................................................................ 212 
Chapter 7 Modelling the Distribution of Minerals in Breakage Product Size Fraction ................... 213 
7.1 Background ............................................................................................................................ 213 
7.2 Outline of Methodology ......................................................................................................... 217 
7.3 Application of the method to KB and KUCC ore samples .................................................... 223 
7.3.1 Relative breakage ore map for predicting the product particle size distribution ............. 224 
7.3.2 Relative breakage mineral map for predicting the product mineral distribution ............. 226 
7.3.3 New model of mineral distribution across size fractions predictions .............................. 230 
7.4 Flow chart ............................................................................................................................... 236 
7.4.1 Choosing the reference point to construct the Mn family of curves ................................ 238 
7.5 Conclusions ............................................................................................................................ 240 
Chapter 8 Conclusions and Future Work ......................................................................................... 241 
 xi 
 
8.1 Conclusions ............................................................................................................................ 241 
8.2 Future Work ........................................................................................................................... 245 
References ........................................................................................................................................ 247 
Appendix A - Shadow X-ray radiograph images of the 49 mini core particles measured using 
Bruker Skyscan 1172 for the KB ore. .............................................................................................. 256 
Appendix B – Rotating videos of the 12 mini core particles measured using Xradia Versa 500 XRM 
for the KB ore. ................................................................................................................................. 259 
Appendix C – The resulting P-values and the average number of measured particles in MLA for 
each two energy levels compared per composition classes and size fractions for KB and KUCC 
ores. .................................................................................................................................................. 260 
 
  
 xii 
 
List of Figures 
Figure 2.1: Demonstrating the extent of liberation of different textures for various 
concentration processes. (From Evans (2015)) 
9 
Figure 2.2: Breakage of a multiphase rock section into product particles with a range of 
mineral associations (From Napier-Munn et al. (2005)) 
9 
Figure 2.3: The role of a mineral liberation model in simulating the entire mineral system 
(From Wiegel (1976)) 
10 
Figure 2.4: Illustration of Gaudin's liberation model showing the three-dimensional 
superposition of a crushing lattice (drawn in heavy lines) on a grain lattice 
(drawn in faint lines). (From Gaudin (1939)) 
14 
Figure 2.5: Sizing analysis of the crushed product used to detect liberation by 
detachment. (From Gaudin (1939)) 
16 
Figure 2.6: Comparison of Hsih and Wen (1994) (i.e. present model) and Gaudin (1939) 
model prediction to experimental results for magnetite/ talc and 
mordensite/andesite ores. (From Hsih and Wen (1994)) 
17 
Figure 2.7: Diagram of Wiegel and Li’s Random Liberation Model from the unbroken 
ore to its broken state. The fracture of α, a single mineral grain (solid line) 
results into particles of uniform size (dotted line) after breakage. (From 
Wiegel and Li (1967)) 
18 
Figure 2.8: Changes in particle identity as size reduction occurs according to Wiegel and 
Li (1967). 
19 
Figure 2.9: Linear intercept lengths from traverse cross-section of ore. (From King 
(1979)) 
24 
Figure 2.10: Assessment between theoretical and experimental results of fractional 
liberation at various particle sizes. (From King (1979)) 
25 
Figure 2.11: 2.11 Comparison of Wiegel (1976) model prediction and his experimental 
results versus the Barbery and Leroux (1988) model. (From Barbery and 
Leroux (1988)) 
26 
Figure 2.12: Comparison of King (1979) model and his experimental results versus the 
Barbery and Leroux (1988) model. (From Barbery and Leroux (1988)) 
27 
Figure 2.13: Figure 2.13 Illustration of the four inclusional shapes (dark phase) describing 
the ore texture and of the four corresponding texture models below. (From 
Ferrara et al. (1989)) 
28 
Figure 2.14: Figure 2.14 Gay (1999) mathematical simulation of his non-preferential 
breakage model using masking technique. a). Assumed Boolean texture with 
spherical primary mineral. b). Resulting spherical breakage products of the 
Boolean texture using masking method. (From  Gay (1999)) 
30 
Figure 2.15: Linear intercept masks were tested on the simulated Boolean texture. a). 
Linear intercept mask b). Resulting linear intercepts of the Boolean texture 
using the masking technique. (From Gay (1999)) 
31 
Figure 2.16: Liberation distribution of spherical particles with different sizes presented as a 
graph of cumulative volumetric proportion against grade. (From Gay (1999)) 
31 
Figure 2.17: Measured particle composition distribution using King and Schneider (1998a) 
model after 10 minutes of batch grinding of an iron ore. (From  King and 
36 
 xiii 
 
Schneider (1998a)) 
Figure 2.18: Calculated particle composition distribution using King and Schneider 
(1998a) model after 10 minutes of batch grinding of an iron ore. (From  King 
and Schneider (1998a)) 
36 
Figure 2.19: JK-GRLM process visualization (From Evans et al. (2013)) 37 
Figure 2.20: 3D image of pyrite grains captured using X-ray tomography. (From Evans et 
al. (2013)) 
38 
Figure 2.21: JK-GRLM simulation methodology 39 
Figure 2.22: JK-GRLM simulation pyrite particle composition distribution results. (From 
Evans et al. (2013)) 
39 
Figure 2.23: Methodology to characterize the actual KB sample from SAG mill screen 
undersize 
40 
Figure 2.24: Actual plant data pyrite particle composition distribution result measured 
using MLA. (From Evans et al. (2013)) 
40 
Figure 2.25: Evidence of non-random breakage of pyrite from MLA measurements on 
SAG mill product. (From Evans et al. (2013)) 
41 
Figure 2.26: Schematic diagram of the particle and breakage mechanism used for 
modelling. It demonstrates the isotropic uniform random (IUR) line probe 
crossing a particle creating an intercept (0, l). (From Laslett et al. (1990)) 
45 
Figure 2.27: Graph of copper (Wt.%) and sieve size (µm). (From Laslett et al. (1990)) 46 
Figure 2.28: Graph of amount of chalcopyrite (%) and sieve size (µm). (From Laslett et al. 
(1990)) 
47 
Figure 2.29: Graph of estimated density of interphase boundary and sieve size (µm). (From 
Laslett et al. (1990)) 
47 
Figure 2.30: Chemical analysis of Nickel to Sulphur ratio as a function of particle size plot. 
(From Austin et al. (1993)) 
48 
Figure 2.31: Cross section of granite (left) and basalt (right) sample showing cracks 
propagate preferentially around some mineral inclusions. (From Hocking, 
2009)) 
50 
Figure 2.32: Six grinding products of iron ore showing two peaks in the particle size 
distribution graph indicating random and preferential fragmentation. (A: 
whole product and B: less than 14 mesh materials). (From Berube and 
Marchand (1984)) 
53 
Figure 2.33: Copper ore product particles subjected to confined particle bed test. Photo A 
shows selective breakage of chalcopyrite (light in colour) fragmented by the 
silica encasing it (dark in colour and unbroken). Photo B shows grain fracture 
along grain boundaries of pyrite (euhedral in shape). (From Sutherland and 
Fandrich (1996)) 
56 
Figure 2.34: QEM*SEM results for galena intergrowth and liberation characteristics in the 
0.014 to 0.027 mm size range in samples from the rod mill  discharge, 
primary hydro cyclone underflow, primary ball mill discharge and primary 
hydro cyclone overflow. (From  Manlapig et al. (1985)) 
58 
Figure 2.35: Proportion of 90-100% liberated bornite as a function of size (key: IM = 
hammer mill product, PD =piston and die product, numerical value in legend 
is upper size limit of product in µm. (From  Wightman et al. (2008)) 
59 
 xiv 
 
Figure 2.36: Example of family of L-lines. (From Weedon, 1992) 63 
Figure 2.37: Relationship between the cumulative percent passing size distribution and 
cumulative percent passing lead distribution obtained using laboratory and 
industrial grinding data. (From Bazin et al, 1994) 
65 
Figure 2.38: Graphs of solids and lead size distribution in laboratory grinding products 
(From Bazin et al, 1994) 
66 
Figure 3.1: Over-all Research Plan: Phases 1-4 69 
Figure 3.2: MLA mineral map of typical pyrite-bearing particle sections of Kanowna 
Belle ore. 
70 
Figure 3.3: MLA mineral map of typical chalcopyrite-bearing particle sections of KUCC 
ore. 
71 
Figure 3.4: Phase 1: Feed ore characterization flowchart. 73 
Figure 3.5: Image of typical mini core particles. 75 
Figure 3.6: Phase 2: Simulating random breakage flowchart for multiple particles. 76 
Figure 3.7: Phase 2: Simulating random breakage flowchart for single particles. 77 
Figure 3.8: Phase 3: Physical breakage test flowchart for multiple particles. 79 
Figure 3.9: The internal and external features of an industrialized JK-RBT. (From (Shi 
and Kojovic, 2011)) 
80 
Figure 3.10: Phase 3: Physical breakage test flowchart for single particles. 81 
Figure 3.11: Mini Drop Weight Tester at JKMRC 81 
Figure 3.12: Shadow images of KB cylindrical particles 83 
Figure 3.13: Classified 2D shadow image of KB particle. Coloured grains are pyrite. 84 
Figure 3.14: Size distributions of pyrite grains in each sample per texture group 86 
Figure 3.15: Grayscale image of 7mm diameter KB particle measured in X-ray 
Tomography. Bright grains are pyrite. 
88 
Figure 3.16: A 2D slice of the 7mm diameter KB particle measured in X-ray Tomography 
showing visible crack propagation. Bright grains are pyrite. 
88 
Figure 3.17: SILC setup with high speed camera 89 
Figure 3.18: Number of particles which were broken into pieces after certain number of 
impacts using SILC at 0.05 kWh/t 
90 
Figure 3.19: Detailed methodology of single particle breakage test. 92 
Figure 3.20: Example of the mineral phase that can be seen in the KB ore using X-ray 
Tomography  (From Evans et. al (2015)) 
95 
Figure 4.1: Difference in the values of product particle composition distribution of pyrite 
simulations conducted using the extended and original JK-GRLM programs. 
101 
Figure 4.2: JK-GRLM virtual block of an ore sample from Benson Mine containing a 
head grade of 23.3% magnetite by volume and 1200 µm grain size 
102 
Figure 4.3: Comparison of liberation distribution of magnetite results of the JK-GRLM 
simulation, and Wiegel’s experiment and model prediction 
103 
Figure 4.4: Simulated distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 
50-60%, 60-70%, 70-80%, 80-90% and 90-100% composition class per size 
as a result of using using different dimensional sampling on the simulated 
particle composition distribution. 
103 
Figure 4.5: Image segmentation and classification of X-ray Tomography image of KB ore 
using Avizo and MATLAB script. 
107 
 xv 
 
Figure 4.6: Photos of the three-dimensional real particle shape samplers used in 
simulating random breakage. 
109 
Figure 4.7: Modal mineralogy of the KB mini core particles. 113 
Figure 4.8: Illustration of the description of grain size used to measure the size of pyrite 
grains. It shows the volume of a cube that fits the volume of a pyrite grain, 
and the length of the cube’s volume is used as the description of grain size.   
113 
Figure 4.9: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S3 KB mini core sample. 
114 
Figure 4.10: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S9 KB mini core sample. 
114 
Figure 4.11: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S15 KB mini core sample. 
115 
Figure 4.12: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S18 KB mini core sample. 
115 
Figure 4.13: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S30 KB mini core sample. 
116 
Figure 4.14: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S31 KB mini core sample. 
116 
Figure 4.15: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S32 KB mini core sample. 
117 
Figure 4.16: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S35 KB mini core sample. 
117 
Figure 4.17: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S41 KB mini core sample. 
118 
Figure 4.18: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S47 KB mini core sample. 
118 
Figure 4.19: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S48 KB mini core sample. 
119 
Figure 4.20: Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the 
three-dimensional images of pyrite grains in the S50 KB mini core sample. 
119 
Figure 4.21: Plot of P80 of the pyrite grain size distribution and grade of pyrite of the KB 
ore mini core particles. 
120 
Figure 4.22: Bar chart of pyrite grade of the KB mini core samples. 121 
Figure 4.23: Cumulative percent passing pyrite grain size distribution of the KB mini core 
samples. 
122 
Figure 4.24: Pyrite grain size distribution of the KB mini core samples as Rosin-Rammler 
size distribution. 
122 
Figure 4.25: KB mini core samples grouping based on pyrite grain size distribution. 123 
Figure 4.26: Examples of KB mini core measurements as shadow images in 2D and full 
measurements in 3D. Note that only a snapshot of the full measurements in 
3D is shown and the rotating video of the full measurements is found in a 
DVD (Appendix B). 
124 
Figure 4.27: The grain size distribution data used to generate the JK-GRLM virtual block 
of S31 is the same as the measured texture. 
126 
Figure 4.28: Liberation distributions of S31 by taking random samples on the measured 127 
 xvi 
 
texture and virtual block of JK-GRLM using a cubic sampler. 
Figure 4.29: Liberation spectrum of S31 by taking random samples on the measured 
texture and virtual block of the original JK-GRLM using a cubic sampler. 
129 
Figure 4.30: Liberation spectra of S3, S48 and S50 by taking random samples on the 
measured texture and virtual block of JK-GRLM using a cubic sampler. 
131 
Figure 4.31: Particle composition distribution from simulated breakage of S31 by taking 
random samples on the measured texture using cubic and real particle shape 
samplers. 
133 
Figure 4.32: Volumetric liberation spectrum of pyrite in the S31 mini core sample from the 
random samples obtained using different shapes of samplers. 
135 
Figure 4.33: Volumetric and cross-sectional area liberation spectra of pyrite and silicate in 
the S31, S3, S18 and S50 KB mini core samples from the random samples 
obtained using cubic and square samplers. 
136 
Figure 5.1: Product particle size distribution of each of the KB mini core particles. 139 
Figure 5.2: Product particles (i.e. coarse and fine) of S18 broken using SILC at 0.1 kWh/t 141 
Figure 5.3: Simulated liberation spectrum of the KB mini core samples grouped 
according to pyrite grade. 
146 
Figure 5.4: Simulated liberation spectrum of the KB mini core samples grouped 
according to pyrite grain size distribution. 
147 
Figure 5.5: Group 1 volumetric measured and simulated liberation results of pyrite in KB 
mini core samples.   
150 
Figure 5.6: Group 2 volumetric measured and simulated liberation results of pyrite in KB 
mini core samples. 
150 
Figure 5.7: Group 3 volumetric measured and simulated liberation results of pyrite in KB 
mini core samples. 
151 
Figure 5.8: Group 4 volumetric measured and simulated liberation results of pyrite in KB 
mini core samples. 
151 
Figure 5.9: Volumetric measured liberation spectra of KB mini core texture groups 154 
Figure 5.10: Simulated product particle composition distribution of KB ore as liberation by 
cross-sectional area using the original version of the JK-GRLM. 
157 
Figure 5.11: Simulated product particle composition distribution of KUCC ore as 
liberation by cross-sectional area using the original version of the JK-GRLM. 
158 
Figure 5.12: Graph of simulated particle composition distribution for pyrite in KB ore 
using the original version of the JK-GRLM showing confidence intervals 
calculated from 2.5th and 97.5th percentile for each individual composition 
classes 
159 
Figure 5.13: Graph of simulated particle composition distribution for chalcopyrite in 
KUCC ore using the original version of the JK-GRLM showing confidence 
intervals calculated from 2.5th and 97.5th percentile for each individual 
composition classes. 
159 
Figure 5.14: Simulated product particle composition distribution of KB ore as liberation by 
volume and surface area using the original version of the JK-GRLM. 
160 
Figure 5.15: Simulated product particle composition distribution of KUCC ore as 
liberation by volume and surface area using the original version of the JK-
GRLM. 
161 
 xvii 
 
Figure 5.16: Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 
60-70%, 70-80%, 80-90% and 90-100% composition class per size of the 
product particles  comminuted using different energy levels and measured by 
MLA, and simulated using the JK-GRLM approach as liberation by cross-
sectional area. 
163 
Figure 5.17: Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 
60-70%, 70-80%, 80-90% and 90-100% composition class per size of the 
product particles  comminuted using different energy levels and measured by 
MLA, and simulated using the JK-GRLM approach as liberation by cross-
sectional area. 
166 
Figure 5.18: Images of pyrite grains before and after breakage. 167 
Figure 5.19: Illustration of the crack propagation in a classified X-ray tomography image 
of a KB  mini core particle in 3D. The grey grains are pyrite and the blue lines 
are cracks. 
168 
Figure 5.20: Illustration of the crack propagation in a two-dimensional slice of a KB mini 
core  particle as a raw and classified image. 
168 
Figure 5.21: X-ray tomography image showing cracks propagating around the boundary of 
pyrite grains. 
169 
Figure 5.22: PSIA vs. Particle Size of pyrite in KB ore. 170 
Figure 5.23: Pyrite Grain Size vs Particle Size of KB ore 171 
Figure 6.1: Graphs of particle composition distribution from MLA measurements for KB 
ore comminuted using the JK-RBT at 2.5, 1.0 and 0.1 kWh/t. 
175 
Figure 6.2: Graphs of particle composition distribution from MLA measurements for 
KUCC ore comminuted using the JK-RBT at 2.5, 1.0 and 0.1 kWh/t. 
176 
Figure 6.3: Graphs showing the relationship between the bootstrapped coefficient of 
variation for measured composition distribution off chalcopyrite and number 
of particles measured from the bootstrap resampled population. Vertical line 
indicates the number of particles measured in the MLA for the KB ore 
comminuted at 2.5 kWh/t 
181 
Figure 6.4: Graphs showing the relationship between the bootstrapped coefficient of 
variation for measured composition distribution off chalcopyrite and number 
of particles measured from the bootstrap resampled population. Vertical line 
indicates the number of particles measured in the MLA for the KUCC ore 
comminuted at 2.5 kWh/t. 
182 
Figure 6.5: Graph of measured particle composition distribution for pyrite comminuted 
using JK-RBT at 0.1 kWh/t showing confidence interval calculated from 2.5th 
and 97.5th percentile for each individual composition classes. 
184 
Figure 6.6: Graph of measured particle composition distribution for pyrite comminuted 
using JK-RBT at 1.0 kWh/t showing confidence interval calculated from 2.5th 
and 97.5th percentile for each individual composition classes. 
186 
Figure 6.7: Graph of measured particle composition distribution for pyrite comminuted 
using JK-RBT at 2.5 kWh/t showing confidence interval calculated from 2.5th 
and 97.5th percentile for each individual composition classes. 
188 
Figure 6.8: Graph of measured particle composition distribution for chalcopyrite 
comminuted using JK-RBT at 0.1 kWh/t showing confidence interval 
190 
 xviii 
 
calculated from 2.5th and 97.5th percentile for each individual composition 
classes. 
Figure 6.9: Graph of measured particle composition distribution for chalcopyrite 
comminuted using JK-RBT at 1.0  kWh/t showing confidence interval 
calculated from 2.5th and 97.5th percentile for each individual composition 
classes. 
192 
Figure 6.10: Graph of measured particle composition distribution for chalcopyrite 
comminuted using JK-RBT at 2.5 kWh/t showing confidence interval 
calculated from 2.5th and 97.5th percentile for each individual composition 
classes. 
194 
Figure 6.11: Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%,  
60-70%, 70-80%, 80-90% and 90-100% composition class per size of the 
product  particles comminuted using different energy levels. 
196 
Figure 6.12: Distribution of chalcopyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 
50-60%,  60-70%, 70-80%, 80-90% and 90-100% composition class per size 
of the product particles comminuted using different energy levels. 
198 
Figure 6.13: Distribution of pyrite at different composition classes per size of the product 
particles comminuted using different energy level presented in arithmetic 
(left) and semi-logarithmic (right) forms 
200 
Figure 6.14: Distribution of chalcopyrite at different composition classes per size of the 
product particles comminuted using different energy level presented in 
arithmetic (left) and semi-logarithmic (right) forms. 
203 
Figure 6.15: Contour plot of P-values from the comparison of liberation distributions of K 
B o re comminuted using 2.5 and 1.0 kWh/t. 
208 
Figure 6.16: Contour plot of P-values from the comparison of liberation distributions of K 
B ore comminuted using 2.5 and 0.1 kWh/t. 
209 
Figure 6.17: Contour plot of P-values from the comparison of liberation distributions of 
ore comminuted using 0.1 and 1.0 kWh/t. 
209 
Figure 6.18: Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 2.5 and 1.0 kWh/t. 
210 
Figure 6.19: Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 2.5 and 0.1 kWh/t. 
210 
Figure 6.20: Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 0.1 and 1.0 kWh/t. 
211 
Figure 7.1: KB and KUCC ores particle size distributions, and distribution of pyrite in 
KB ore and chalcopyrite in KUCC ore across the breakage product size 
fractions using different impact breakage energies. 
213 
Figure 7.2: Shadow X-ray radiograph images of approximately 5 mm in size KB ore 
particles from Evans (2016) showing the heterogeneous nature of the gangue 
mineralogy. 
215 
Figure 7.3: Showing the values of tn from a cumulative size distribution curve. (From 
Napier-Munn et al. (1996).) 
218 
Figure 7.4: Relationship of t10 and other tn values . (From Napier-Munn et al. (1996).) 219 
Figure 7.5: Distribution of particle mass and mineral mass in each particle size fraction of 
KB ore. 
220 
 xix 
 
Figure 7.6: Distribution of particle mass and mineral mass in each particle size fraction of 
KUCC ore. 
221 
Figure 7.7: Relationship of parameter tn with t10 for breakage of -5.6 +4.75 mm KB feed 
particles. 
224 
Figure 7.8: Relationship of parameter tn with t10 for breakage of -4.0 +3.35 mm KUCC 
feed particles 
225 
Figure 7.9: Percent passing t10 versus Ecs curve for KB and KUCC ores 225 
Figure 7.10: Mn family of curves for KB ore. 227 
Figure 7.11: Percent passing M600  versus Ecs curve for KB ore. 228 
Figure 7.12: Mn family of curves for KUCC ore. 229 
Figure 7.13: Percent passing M600 versus Ecs curve for KUCC ore. 230 
Figure 7.14: Predicted, interpolated and measured particle size distributions of KB ore 
after breakage using 0.4 kWh/t. 
232 
Figure 7.15: Predicted, interpolated and measured particle size distributions of KUCC ore 
after breakage using 0.4 kWh/t. 
232 
Figure 7.16: Predicted, interpolated and measured mineral distributions of KB ore after 
breakage using 0.4 kWh/t. 
233 
Figure 7.17: Predicted, interpolated and measured mineral distributions of KUCC ore after 
breakage using 0.4 kWh/t. 
234 
Figure 7.18: Correspondence of calculated and measured mineral grades of the particle 
size fractions of KB ore after breakage using 0.4 kWh/t. 
236 
Figure 7.19: Correspondence of calculated and measured mineral grades of the particle 
size fractions of KUCC ore after breakage using 0.4 kWh/t. 
236 
Figure 7.20: The flowchart summarising the method to predict the distribution of minerals 
in breakage product size fractions. 
237 
Figure 7.21: Plots of Mn family of curves for pyrite in the KB ore using various reference 
points. 
239 
 
 
 
 
 
 
 
 
 
 
 
 xx 
 
List of Tables 
Table 2.1: Summary of equations to calculate the degree of liberation of two pure phases 
( α, β) and locked α + β particles (m). (Ferrara et al., 1989) 
29 
Table 3.1 Modal mineralogy of the minerals comprising the silicates and carbonates 
group in the KB ore 
70 
Table 3.2 Summary of modal mineralogy for the KB ore feed mineral groups 71 
Table 3.3 Modal mineralogy of the minerals comprising the silicates and sulphides 
group in the KUCC ore 
72 
Table 3.4 Summary of modal mineralogy for the KUCC ore feed mineral groups 72 
Table 3.5 Properties of measured particles with the following sizes in mm: 3, 4 and 7 in 
Bruker Skyscan 1172 X-ray Tomography. 
82 
Table 3.6 Samples selected for breakage testing from each group of ore textures. 87 
Table 3.7 The 12 KB mini core samples selected for each group of ore textures which 
were fully measured using the Versa 500 XRM tomography system 
93 
Table 3.8 X-ray image acquisition parameters of the KB mini core samples using the 
Versa 500 XRM system 
93 
Table 3.9 X-ray image acquisition parameters for measurement of the breakage 
products of KB mini core samples. 
94 
Table 4.1 Summary of the differences between the original and extended JK-GRLM 
programs. 
111 
Table 4.2 Amount of pyrite in each KB mini core sample 112 
Table 4.3 The grouping of the twelve KB mini core samples based on volumetric pyrite 
grade 
121 
Table 4.4 The grouping of the twelve KB mini core samples based on 3D pyrite grain 
size distribution. 
123 
Table 4.5 Details of the pyrite grain size distribution of S31 used to create a 1.4 GB 
virtual block 
126 
Table 4.6 Details of the pyrite grade and grain size distribution of S50, S48 and S3 used 
to create a 1.4 GB virtual block 
130 
Table 5.1 Number of broken particles containing pyrite  and the average amount of 
pyrite in the volume of particles per size fraction  of the KB mini core 
breakage products 
142 
Table 5.2 Combined number of broken particles  and the average amount of pyrite in 
the particles per size fraction  of the KB mini core breakage products in the 
texture groups. 
148 
Table 5.3 Details of the pyrite grain size distribution of KB ore used to create a 120 GB 
virtual block (Andrusiewicz, 2015) 
156 
Table 5.4 Details of the chalcopyrite grain size distribution of KUCC ore used to create 
a 120 GB virtual block (Andrusiewicz, 2015) 
156 
Table 6.1 Number of product particles measured in MLA for KB ore 178 
Table 6.2 Number of product particles measured in MLA for KUCC ore 179 
Table 7.1 Summary of the distribution of particle mass and mineral mass in each 
particle size fraction and the mineral head grade of KB ore comminuted using 
JK-RBT at 0.1, 1.0 and 2.5 kWh/t. 
214 
 xxi 
 
Table 7.2 Summary of the distribution of particle mass and mineral mass in each 
particle size fraction and the mineral head grade of KUCC ore comminuted 
using JK-RBT at 0.1, 1.0 and 2.5 kWh/t. 
216 
Table 7.3 Ore impact breakage parameters for the particles of KB and KUCC ores. 226 
Table 7.4 Ore impact breakage parameters for the minerals in KB ore. 228 
Table 7.5 Ore impact breakage parameters for the minerals in KUCC ore. 230 
Table 7.6 Summary of the distribution of particle mass and mineral mass in each 
particle size fraction and the mineral head grade of KB and KUCC ore 
comminuted using JK-RBT at 0.4 kWh/t. 
231 
 
 
   
 Riza Mariano Chapter 1 Introduction     1 | P a g e  
 
CHAPTER 1 Introduction 
1.1  Context 
Mineral processing operations involve comminution and separation as two major process stages. 
The comminution stage is not performed just for ore size reduction, but also to liberate the target 
minerals from particles made up of various minerals. Separation processes concentrate the desired 
minerals by physically separating them from the gangue.  The term liberation refers to the mineral 
composition of particles. The extent of liberation of the particles which is required depends on the 
separation process that will be used to treat the ore. Comminution is a costly process in mineral 
processing because breaking coarse particles into fine sizes is energy intensive.  Therefore, in order 
to achieve economic comminution and successful subsequent separation processes, the optimum 
degree of liberation of the minerals must be established. It is critical to characterise the liberation of 
the feed from the grinding circuit to the separation stage to be able to optimise both the grinding and 
efficiency of the overall process.   
In the operation of mineral processing plants, liberation is not often monitored when grinding the 
ore because of the time required to measure liberation data.  The feed is generally comminuted to 
produce a given particle size distribution, since particle size can be measured online and in real time 
in the plant. A robust model to predict mineral liberation at a given grind product size distribution 
would be a useful tool since it would allow metallurgists/operators to optimise grinding operations 
and respond to changes in ore characteristics. This research seeks to develop a model of mineral 
liberation based on measuring ore characteristics to address these challenges.  
Conducting research in mineral liberation in comminution is not an easy task because of the 
numerical complexity of modelling liberation, and the challenge of estimating and/or measuring the 
required model input data. Although some models have been published in the literature there is a 
general lack of experimental validation of the models. The development of a liberation model has 
not kept up with progress of comminution and separation models which are already advanced and 
used in circuit optimisation through simulation software such as JKSimMet and JKSimFloat. A 
liberation model is required to link comminution and separation models in an integrated mineral 
processing simulation. The model of mineral liberation in comminution is used to predict the 
particle composition distribution of the breakage products which is a key part of an integrated 
process simulator based on simulating the flow of particles from mill feed to breakage products.  
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The liberation model needs to be able to predict the product particle composition distribution 
specifically the distribution of minerals across composition classes within each size fraction and 
across size fractions after comminution. It should also generate a range of data types for the 
liberation distribution such as volumetric, areal and surface so that the data type that is relevant for 
each separation process is available. 
Many researchers such as Gaudin (1939), Wiegel and Li (1967), Davy (1984), Ferrara et al.(1989), 
King and Schneider (1998a) and Evans et al. (2013) have already worked on texture-based models 
of mineral liberation and, one or more of the following limitations have been encountered: 
 Models require the assumption of random breakage for simplification for ores where non-
random breakage is known to occur.  
 Models treat ore as a binary system with the mineral of interest as one phase and all other 
minerals are grouped together to form the second phase.  
 Models require the assumption of specific size and shape of mineral grains and feed and 
product particles before and after breakage.  
 Models are not validated to wide range of real ores 
The definition of random liberation most commonly seen in the literature is summarised as being 
the independence of breakage from both ore properties and mechanical properties during 
comminution (Mariano et al., 2016). Numerous models of liberation of breakage products described 
in the literature require the assumption that the breakage which is occurring is random since this 
assumption allows simplification of the mathematics used in the model. Extensions of this 
assumption imply that the liberation distributions can be predicted from the ore texture and the 
liberation distribution is decoupled from comminution. In this case, the distribution of minerals 
across size fractions is considered to be the same as the mineral content of the feed ore and that the 
liberation distribution is only a function of the particle size.  
It has been recognised that there is some degree of non-random breakage in ores according to earlier 
work by a number of researchers over many years including Gaudin (1939), King and Schneider 
(1998) and Evans et al. (2013).  This can occur because the ore being comminuted is made up of 
mineral grains which may exhibit a variety of properties including grain shape, grain size, 
orientation, hardness and these mineral properties in addition to other characteristics such as 
intergranular bond strength can affect the way in which the ore breaks. Thus, the assumption of 
random breakage may not always be true although it allows mineral liberation to be modelled in a 
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simpler way. There is a need to assess whether liberation models based on random breakage are 
applicable to the ore type. A reliable liberation model in comminution needs to fit the data with the 
required level of accuracy and it should be validated using a range of types of ore. 
This study focuses on modelling the breakage of the feed ore to predict the resulting liberation 
distribution of the products. A texture-based model of mineral liberation that uses the assumption of 
random breakage of the mineral texture to generate product particles called the JK-Gaudin Random 
Liberation Model (JK-GRLM) described by Evans et al. (2013) is used to predict the liberation 
distribution. The JK-GRLM is selected in this work because it is a new demonstration of texture-
based modelling based on the approach originally described by Gaudin (1939) and Wiegel and co-
workers (1967, 1976, 2006, 2011).  It employs model inputs quantified from a real ore using X-ray 
tomography analysis which represents the actual ore texture in the model. The JK-GRLM can also 
generate various data types for the liberation distribution (i.e. volumetric, areal and surface) due to 
the method it implements in the breakage simulation.  To test its capability, the liberation estimate 
of using the JK-GRLM is compared against the measured values. 
In the previous study of Evans et al. (2013), it was found that the original JK-GRLM did not 
accurately predict mineral liberation in a mill discharge stream for the gold-bearing pyrite ore 
tested. If the reasons for the inaccurate results are determined, a better model to predict mineral 
liberation can be developed. The following Research Questions (RQs) are then formulated to 
investigate the reasons why the original JK-GRLM could not predict the liberation distribution 
accurately: 
RQ 1: Is this due to the fact that the original JK-GRLM uses a defined average grain size 
distribution, assumes cubic grains and distributes grains randomly in creating the ore texture 
model input as its feed in the breakage simulation rather than in the spatial arrangement and 
actual grain shape as measured in the ore? 
RQ 2: Is this because the original JK-GRLM assumes random breakage for simplification, 
whereas there is some degree of non-random breakage in ores? 
Experimental validation of the JK-GRLM is conducted by breaking ore samples of different 
textures, and characterising the mineral composition of the breakage products using the MLA and 
X-ray Tomography. There are various breakage processes that can be used to generate the measured 
liberation distribution which will then be compared to the simulated liberation distribution that is 
used to test the predictive capability of the JK-GRLM. One of the implications of using the JK-
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GRLM as a texture-based model that require the assumption of random breakage is it does not 
attempt to relate the mode of breakage and the amount of energy applied in breakage to the 
resulting liberation distribution. A number of modes of breakage have been identified in the 
literature, namely impact, compression and attrition (Mular et al., 2002). However, Vizcarra (2010) 
clearly showed that the liberation in each size class did not change from one mode of breakage to 
the next. In this work, impact breakage was the chosen mode of breakage as it is one of the major 
modes of breakage in comminution devices.  
Vizcarra’s (2010) research observed a liberation behaviour that had been reported previously by 
Berube and Marchand (1984), Manlapig et al. (1985) and Wightman et al. (2008) (among others). 
These researchers observed that the degree of liberation of a mineral in a given size fraction 
remained almost constant through the grinding circuit and this behaviour pattern has been used as a 
heuristic model or “rule of thumb”. The heuristic model is robust and applies to wide range of cases 
published in the literature for various ore types and is independent of mode of breakage. However, 
none of these researchers have explicitly considered the effect of using different amount of 
breakage energies on the liberation and breakage behaviour of minerals in the broken product. 
Based on the literature it is clear that the effect of using different breakage energies on the 
distribution of minerals across liberation and particle size classes has not been investigated in detail 
yet and the following Research Question addresses this gaps in knowledge: 
RQ 3: Does the applied impact breakage energy affect the liberation behaviour of the minerals? 
Feed ore particles are subjected to impact breakage at a range of energies that allows the 
applicability of the model based on random breakage to predict mineral liberation in comminution 
to be assessed. 
1.2  Hypothesis 
The overall aims of this thesis are to investigate whether a model of mineral liberation that is based 
on simulating random breakage of a measured, three-dimensional ore texture will accurately predict 
the liberation distribution of minerals in the products of impact breakage of the ore and to also 
evaluate the effect of breakage energy on the liberation characteristics of the breakage products. 
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The hypotheses being tested are: 
Hypothesis A 
A texture-based model of mineral liberation that uses the assumption of random breakage of 
measured ore textures, as quantified in three dimensions using X-ray tomography, will accurately 
predict the volumetric and cross-sectional area liberation distribution of products of impact 
breakage. (RQs 1 and 2) 
Hypothesis B 
The impact energy applied to break the ore has no significant effect on the measured liberation 
distribution of the particles in each size fraction of the broken product. (RQ 3) 
1.3  Thesis Outline  
CHAPTER 2: Literature Review 
This chapter provides a critical review of the literature on mineral liberation in comminution. It 
reviews the texture-based models used in predicting liberation by breakage that are mostly based on 
random breakage. It also examines the two types of mineral breakage namely random and non-
random through the observations made by previous researchers and describes the observations made 
by previous researchers on mineral liberation in comminution.   
CHAPTER 3: Experimental Program 
This chapter presents an overview of the conceptual framework of this research project to compare 
the simulated (the JK-GRLM output) and measured liberation distribution results. It details the 
findings obtained from preliminary experiments and outlines the methodology employed to conduct 
ore characterisation, physical breakage tests, breakage simulations and data analysis. The 
characteristics of the samples used in the experimental work namely the Kanowna Belle (KB) ore 
and the Kennecott Utah Copper Corporation (KUCC) ore are also described in this chapter.  
CHAPTER 4: Predicting the mineral liberation of breakage products using the extended JK-
GRLM 
This chapter presents the extensions made to the original JK-GRLM to predict the mineral 
liberation of breakage products. The original JK-GRLM that assumes random sampling to generate 
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product particles was extended to use a fully measured ore texture as a virtual block and also to use 
irregular sampling shapes and this chapter investigates the effect of the extensions made in the 
model.  
This chapter also describes the ore textures of the mini core samples of KB ore measured in three 
dimensions using X-ray tomography which are used as inputs in the extended JK-GRLM 
simulation. It demonstrates the approach used to classify the mini core samples according to their 
textural characteristics. The observations about the relationship of mineral grade and grain size for 
the ore under investigation are also presented.  
CHAPTER 5: Testing the predictive capability of the extended JK-GRLM 
This chapter compares the mineral liberation predicted using the extended JK-GRLM against the 
measured values which addresses Hypothesis A.  It presents the measured liberation results of KB 
mini cores breakage products. Comparisons were made between measured and simulated liberation 
results of the following: KB mini cores for each texture group, and particles of KB and KUCC ore. 
It also investigates   the occurrence of non-random breakage of pyrite in the KB ore to support the 
outcome.  
CHAPTER 6: The effect of breakage energy in liberation behaviour of minerals 
This chapter describes the effect of changes in the impact breakage energy applied on the liberation 
distribution of the breakage products which addresses Hypothesis B. The results demonstrate that 
the amount of impact energy applied to break KB and KUCC ores does not significantly affect the 
particle composition distribution of pyrite and chalcopyrite in a given size fraction. Measurements 
of liberation distributions as a result of breaking the KB and KUCC ores using three impact 
breakage energies were compared. Errors in the particle composition distribution were estimated 
based on bootstrap resampling, since estimating the errors is essential to determine whether any 
differences are statistically significant. Contour plots were used to present the results of the 
comparisons given the large amount of data being compared.  
CHAPTER 7: Modelling the distribution of minerals in breakage product size fraction 
As an outcome of investigating Hypothesis B, this chapter adapts the widely accepted “map of 
relative ore breakage” due to Narayanan and Whiten (1983) to predict distribution of each mineral 
in breakage product size fractions as a function of breakage energy. The method developed in the 
research is calibrated with the mineral distribution obtained at three energy levels and the model 
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prediction is validated against a fourth test at an intermediate energy level. The method on how to 
use this model is described in the chapter including the required input data and the calculations. A 
flow chart summarizing the key steps in modelling the product mineral distribution was provided. 
CHAPTER 8: Conclusions and Future Work 
This chapter summarises the key findings which can be drawn from this study and recommends 
future work to be undertaken.  
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CHAPTER 2 Literature Review 
2.1 Mineral Liberation 
Mineral liberation is the main purpose of undertaking comminution on ores prior to separation. The 
valuable mineral is liberated to some degree through size reduction processes so that it can be 
separated from the gangue in the concentration stage. The liberation characteristics of the feed ore 
are an important consideration to find the balance between grinding the ore finely to guarantee high 
recovery at the required grade, but not overgrinding it which generates losses in the finest size 
fractions. To achieve optimum results, metallurgists must seek both the required liberation and size 
distributions in the size reduction process to achieve optimum results, since size reduction and 
liberation are linked together.  
According to Schneider (1995), the definition of liberation in a mineral processing framework is 
identical to mineral composition of particles and the liberation spectrum used to denote the 
distribution of mineral composition in a population of particles.  
The degree of liberation is described by Barbery (1991) as the fraction of a phase (by volume for 
particles, by area for sections, or by length for segments) present in liberated particle (or sections, or 
segments). Although, Berube and Marchand (1984) have a different definition for degree of 
liberation for two-dimensional measurements, which is the ratio of total area of sections of a phase 
divided by the areas of all sections containing the phase.   
Figure 2.1 illustrates the recovery responses of different unliberated particle or locked particle 
texture to various concentration processes (Evans, 2015). It emphasises the importance of 
determining both the particle composition and texture characteristics of ores fed to concentration 
processes in order to optimize recovery and minimize energy consumption due to unnecessary size 
reduction.   
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Figure 2.1 Demonstrating the extent of liberation of different textures for various 
concentration processes. (From Evans (2015)) 
It is also significant to note the fact that during size reduction, various mineral associations in the 
product particles are generated which are critical in understanding and describing the liberation 
process.  The form of product particles after breakage depends on the composition and texture of 
the parent rock. As Berube and Marchand (1984), Malvik (1988), Petruk (2000) and Vizcarra 
(2010) stated, these include the grain size distribution, bonding between grains and mechanical 
properties of the mineral present. The results of the investigation of Meloy et al. (1987) showed that 
no matter how finely ground the product particles are, locked particles which affect the recovery 
process will still be present in the ground ore. Locked particles or composite particles are defined as 
particles that are composed partially of the target mineral and one or more other minerals, as 
opposed to liberated particles that are only consisted of the target material.  Figure 2.2 shows a 
multiphase composite rock section before breakage and its product particle sections after breakage.   
 
Figure 2.2 Breakage of a multiphase rock section into product particles with a range of mineral 
associations. (From Napier-Munn et al. (2005)) 
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The measurement of mineral liberation in comminution has advanced in recent years with the 
application in the industry of automated SEM-based automated mineralogy systems that are utilized 
to gather quantitative mineralogical characteristics in polished sections of samples. The 
development of models to predict liberation has been an on-going process where their application to 
be used to simulate mineral processing is not commercially available yet. This literature survey 
critically reviews the published work on the measurement and modelling of mineral liberation, and 
evaluates further improvements on this subject.  
2.2 Modelling Mineral Liberation 
One of the best ways to aid in understanding the process of mineral liberation is through 
mathematical modelling and computer simulation. This has been the approach used in the design, 
analysis and optimization of the entire mineral processing system as both mathematical models and 
computing and software to execute the models are becoming available. Process models have been 
developed for many unit operations in mineral processing. For example, flotation models developed 
are already advanced and used in circuit optimisation. Until recently, processing operations from 
comminution to separation could not be simulated in one simulator. A generic liberation model is 
required for a continuous mineral processing simulation which integrates communition and 
separation (Wiegel, 1976). Figure 2.3 illustrates the role of a liberation model in integrating the 
entire mineral processing system as proposed by Wiegel (1976). 
 
Figure 2.3 The role of a mineral liberation model in simulating the entire mineral 
system (From Wiegel (1976)) 
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For various authors, the product of a liberation model is called the “liberation” prediction which is 
used to describe the particle composition distribution of the particles population particularly for the 
product particles of multiphase material breakage. But, Barbery and Leroux (1988) stated that the 
information generated by mineral liberation models is better described by the term “Particle 
Composition Distribution Prediction”, just as particle size distribution prediction would be 
considered a nonsense if researchers were only attempting to predict the relative proportion in the 
fine or the coarse size range. 
Various mineral liberation models in comminution have been developed over the past years, but no 
standard model has been widely accepted. And this is not surprising, since as Barbery and Leroux 
(1988) commented, it is a very difficult subject.  A range of approaches in modelling have been 
employed and a number of these approaches are described below.  
The approach termed decoupled modelling tends to look at liberation as a process independent from 
size reduction whereas coupled modelling treats liberation and size reduction as simultaneous 
processes which cannot be decoupled (Choi et al., 1988). 
One approach taken in modelling mineral liberation is to use the texture of the ore, based on the 
assumption that the texture of the ore affects the liberation process.  The mineral liberation models 
presented in this section are generally based on texture modelling. The first attempt to 
mathematically model mineral liberation using ore texture was made by Gaudin (1939), with 
succeeding revisions by Wiegel and Li (1967). Then in subsequent years, several texture modelling 
methods were proposed which differ mainly in the texture used and texture measurement technique. 
These include the models of Davy (1984), Ferrara et al (1989) and King and Schneider (1998a) 
which are discussed in the following sections. Recently, the model created by Gaudin (1939) was 
adapted by Andrusiewicz (Evans et al., 2013). 
In the mineral liberation models listed above, it should be noted that some simplifying assumptions 
were applied. These make the calculation of liberation distribution simpler, but in practice, 
prediction of the true value was sacrificed. As outlined by Wiegel and Li (1967), simplifying 
assumptions were made on the following aspects of mineral liberation:  
1. Number of mineral species 
2. Size, shape and arrangement of mineral grains 
3. Mechanism of fracture 
4. Size and shape of the products 
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According to Preti et al., (1989), the most important among all the assumptions to develop a 
theoretical liberation model are homogenous random fracture of the ore and particle shape. 
Researchers have been trying to link multiphase material texture and breakage pattern to the 
consequent particle composition distribution. The fact that breakage of minerals may be random 
and/or non-random increases the difficulty of modelling breakage and liberation. 
 
The definition of random liberation is summarised as being the independence of breakage from both 
ore properties and mechanical properties during comminution (Mariano et al., 2016). Numerous 
models of liberation of breakage products described in the literature require the assumption that the 
breakage which is occurring is random since it allows simplification of the mathematics used in the 
model. Extensions of this assumption imply that the liberation distributions can be predicted from 
the ore texture and the liberation distribution is decoupled from comminution. In this case, the 
distribution of minerals across size fractions is considered to be the same as the mineral content of 
the feed ore and that the liberation distribution is only a function of the particle size. It does not 
attempt to relate the breakage process and the resulting liberation distribution Nevertheless, 
Fandrich et al. (1997) stated that forms of non-random breakage must be taken into account when 
developing mineral liberation models.   
In line with this, King and Schneider (1998a) described the following six different breakage 
conditions to describe non-random breakage.  
Differential breakage occurs when the size breakage function is associated to the total composition 
and microstructural texture of the parent particle. High internal stresses can be experienced because 
the particles are made up of minerals having different physical properties. The term differential 
breakage is due to Fandrich (1997).  
Selective breakage takes place when the occurrence of fracture is dependent on unequal brittleness 
of the mineral phases. It is may be dependent on the flaw size distribution and the material’s 
fracture toughness according to the classic Griffith’s model of fracture mechanics.  
Preferential breakage occurs when crack branching happens more often in one mineral than in the 
others. It causes preferentially fractured mineral to deport to the finer sizes after each fracture event. 
The term preferential breakage is due to Fandrich (1997).  
Boundary region fracture takes place when the highly stressed region in the neighbourhood of the 
boundary between two dissimilar minerals is preferentially fractured. A significant difference in 
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elastic moduli of minerals can stress the material near their phase boundary leading to preferential 
fracture of both phases.  
Phase-boundary fracture occurs when cracks tend to propagate preferentially along phase 
boundaries rather than across the phases.  
Liberation by detachment occurs when the grains of a particular mineral are relatively loosely 
bonded into the ore matrix. It is denoted as the extreme case of phase-boundary fracture which leads 
to a profound liberation of the original mineral grains. It was first described by Gaudin (1939). 
2.2.1 Texture-based models of mineral liberation  
2.2.1.1 Gaudin (1939) Model and its extension by Hsih and Wen (1994) to incorporate a 
detachment factor  
Gaudin (1939) established that mineral liberation is increased by comminution in two ways, namely 
liberation by size reduction and liberation by detachment.  
In order to explain the size reduction effect in mineral liberation, Gaudin proposed a model of 
breakage of an ideal binary mineral system composed of cubic grains of equal sizes arranged as far 
apart as possible. To facilitate breakage, a cubic fracturing lattice was superimposed upon this cubic 
grain lattice.   
An illustration of Gaudin's liberation model is shown in Figure 2.4. He formulated an equation for 
the liberation of each of these two types of mineral in relation to the proportion of their grain size 
and volumetric quantity. Equation 2.1 and Equation 2.2 show the ratio of liberation of minerals A 
and B, respectively. 
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Figure 2.4 Illustration of Gaudin's liberation model showing the three-dimensional 
superposition of a crushing lattice (drawn in heavy lines) on a grain lattice (drawn in faint 
lines). (From Gaudin (1939)) 
 
Equation 2.1 
    
        
   
 
Equation 2.2 
     
   
 
      
Where:   
 
 
 
 
 
f = percentage of liberation 
A = phase of Mineral 1 
B = phase of Mineral 2 
k = ratio of grain size to particle size 
n = relative abundance of the two phases 
Note: A should be ‘n’ times as abundant as B. The above equations are correct provided n ≥5, as 
there are geometric limitations if n<5. 
The following are the interpretations made by Gaudin (1939) when the percentage of liberation (f) 
is related with the ratio of the grain size in the uncrushed rock to the particle size in the crushed 
rock (k) given for various relative abundances (n).  
1. The less abundant phase is not freed at all unless the particles are smaller than the grain size. 
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2. The particles must be much finer than the grain size if the less abundant phase is to be freed 
materially. 
3. If n is large, the more abundant phase may be appreciably freed even if the particles are 
coarser than the grain size.  
4. The more abundant phase is always freer than the less abundant phase.  
 
This model of mineral liberation by size reduction displayed various disadvantages which are the 
reason why it has been described by later researchers as being unrealistic (King, 1979). The 
summary of its limitations are as follows: It is restricted to binary minerals while in reality ores 
consist of multiple mineral types. A geometric limitation exists because of the assumption of cubic 
mineral grain shape and their arrangement. Also, a perfect cube fracture pattern is assumed after 
crushing and grinding. In effect, these assumptions do not have physical meaning because generally 
mineral grains exist and break in different forms and sizes. Moreover, the details regarding the 
distribution of the mineral species in the locked particles were not discussed. 
Although Gaudin’s model exhibited various weaknesses, Wiegel (2006) argued that Gaudin’s 
conceptual model can relate qualitatively the extent of composition of the particles by size reduction 
to the original mineral grain size, the particle size and the location of similar or dissimilar grains 
adjacent to one another in the original grain assemblage being broken. Gaudin’s approach persists 
as a useful basis for modelling mineral liberation. 
Gaudin (1939) described liberation by detachment as fracturing a rock made of grains bonded 
loosely to its matrix that would result in complete liberation without further liberation by 
comminution. While this mechanism is theoretically possible, in a practical sense, it is no more than 
partly realized. As an example, liberation by detachment is not achieved by intimate intergrowths of 
sulphide minerals of similar properties like marmatite and pyrrhotite or marmatite and chalcopyrite. 
In this case, liberation by size reduction is required. For those which do not belong to liberation by 
detachment or liberation by size reduction, they fracture more or less preferentially at grain 
boundary in the following ways as enumerated by Gaudin (1939): 
1. Macrostructural weaknesses, such as bedding planes in coals. 
2. Microstructural weaknesses, for example the schistosity of some ores. 
3. Microstructural differences in physical properties of adjacent minerals, as in hardness, 
brittleness, cleavability. (e.g. pyrite and chalcocite, galena and quartz) 
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Gaudin (1939) showed that the presence of liberation by detachment can be detected by a sizing 
analysis of the crushed product obtained from a uniformly sized feed to a crusher. Likewise, if 
preferential fracturing occurs, an excessive amount of particles of the size of the grains involved in 
the liberation by detachment will exist. Figure 2.5 shows an example of this with the curves of 
sizing analyses of the crushed rock exhibiting liberation by detachment (solid line) and grain-size 
frequency as determined microscopically on the uncrushed rock (cross-dot line) showing a 
correspondence.  
 
Figure 2.5 Sizing analysis of the crushed product used to detect liberation by detachment. 
(From Gaudin (1939)) 
In 1994, Hsih and Wen extended the Gaudin (1939) liberation model to incorporate a detachment 
factor besides a mineral grain size distribution. Detachment factor (P) represents the entire effect of 
mineral detachment in liberation. It is an index from 0 to 1 defined as “the possibility of breakage 
along the mineral-gangue boundaries in a comminution process.” 
In line with the presence of liberation by detachment, when Gaudin’s assumption of an ideal binary 
mineral can be fragmented at grain boundaries, the following extreme scenarios are possible: 
1. Liberation by size reduction only without grain boundary breakage, where detachment factor 
(P) is equal to 0. In this case, Gaudin’s model is used. 
2. Liberation by detachment only where detachment factor (P) is equal to 1.  
The Hsih and Wen (1994) model considers the true liberation condition so the detachment factor (P) 
value lies between the above extreme conditions. They found that the factors which influence 
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liberation by detachment are the mechanical strengths of mineral, gangue and their boundary. In 
addition, the value of the detachment factor is governed by physical properties namely hardness and 
cleavage and mineralogical textures of ores that is crystal form and orientation affecting the tensile 
strength.  
The model was tested on two ore samples namely magnetite in talc schist from Hwalian, Taiwan 
and mordenite in andesite from the northern coastal range of eastern Taiwan and other available 
data acquired from printed results. It was concluded that the model was suitable for the two 
mentioned ore samples tested, wherein they both exhibit a high ratio of grain boundary fracturing 
during comminution. The degree of liberation per particle size graphs showed good correspondence 
of Hsih and Wen (1994) model prediction to experimental data of the two ores as opposed to 
predictions using Gaudin (1939) model (see Figure 2.6). 
 
 Figure 2.6 Comparison of Hsih and Wen (1994) (i.e. present model) and Gaudin (1939) 
model prediction to experimental results for magnetite/ talc and mordensite/andesite ores. 
(From Hsih and Wen (1994)) 
 
2.2.1.2 Wiegel and Li (1967) Random Liberation Model 
Following on from the work of Gaudin (1939), Wiegel and Li (1967) proposed a physical model for 
idealized binary mineral systems and for the process of liberation by size reduction. The only 
difference of their work from Gaudin’s model is in the arrangement of the mineral grains. Gaudin 
placed the grains of the least abundant mineral as far apart as possible in the ore, while Wiegel and 
Li arranged these two mineral grains in a random manner. Two rationales for this departure were 
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presented. Firstly, a random arrangement depicts realistically the disorganized form of an actual 
mineral system indicating the presence of a mineral grain size distribution. Secondly, the random 
model provides equations which are continuous with respect to the abundance ratio and applicable 
for all values of the size ratio. Moreover, information about the distribution of mineral species in the 
locked particles can be made available.   
Figure 2.7 illustrates the random model of Wiegel and Li (1967). The following summarizes the 
assumptions made: 
1. The grains of both mineral species are cubic and are of the same uniform size. 
2. The grains are aligned in the mineral aggregate in a lattice-like arrangement so that grain 
surfaces form continuous planes. 
3. The grains of the two mineral species are randomly arranged throughout the aggregate. 
4. By size reduction, the aggregate is broken into particles of uniform size by a cubic fracture 
lattice which is superimposed randomly on the aggregate parallel to the grain lattice. 
Wiegel (1976) has attempted to demonstrate that the actual liberation of ores with various product 
particle size, valuable mineral grain size and feed grade are in reasonable agreement as predicted by 
the random liberation model using magnetite iron-formation samples. Since this liberation model is 
based on random breakage, there is an implication that the governing liberation mechanism is trans 
granular as opposed to intergranular.   
 
Figure 2.7 Diagram of Wiegel and Li’s Random Liberation Model from the unbroken ore to 
its broken state. The fracture of α, a single mineral grain (solid line) results into particles of 
uniform size (dotted line) after breakage. (From Wiegel and Li (1967)) 
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 This kind of model has weaknesses, for example that some ores break by non-random breakage as 
opposed to the assumed random breakage. Specifically, fracture at grain boundaries or preferential 
fracture are said to be demonstrated by mineral systems.(Laslett et al.(1990), Battersby et al. (1993), 
Fandrich et al. (1997)) Consequently, grain boundary breakage could result in greater liberation 
than expected. And, preferential fracture would cause one component to appear as smaller particles 
than the other. A plot of mineral assay by size could identify preferential fracture. In addition, in 
practice minerals do not break as cubic particles of uniform size but of random-shaped particles 
with a size distribution.  
2.2.1.3 Wiegel (1976, 2010, 2011) Mineral Liberation Modelling 
In 1976, Wiegel integrated the random model for mineral liberation by size reduction that he 
proposed with Li (Wiegel and Li, 1967) with a model of size reduction in a batch mill using 
magnetic taconite. This investigation arose because of the gap in quantitatively joining the size 
reduction and mineral concentration models. The concentration process depends to a large extent on 
particle composition which is not being considered in size reduction models, but can be addressed 
by liberation models.  
In breaking a binary mineral system (i.e. in this experiment, A=waste and B=magnetite) undergoing 
liberation, it must be considered that three types of particles are broken namely: liberated A and B 
species, and the locked specie AB. Figure 2.8 shows the change in the particle identity as size 
reduction occurs. 
 
Figure 2.8 Changes in particle identity as size reduction occurs according to Wiegel and Li 
(1967). 
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Wiegel (1976) derived the following equations as shown in Equations 2.3 to 2.5 for the quantity of 
these three types of particles with changing composition as they are broken. 
Individual compositional components: 
Waste particles, A:   
Equation 2.3 
    
  
  ∑(                   )          
   
   
 
Valuable particle, B: 
Equation 2.4 
    
  
  ∑(                   )          
   
   
 
Locked particles, A and B:  
Equation 2.5 
     
  
  ∑(                     )            
   
   
 
Where:   
 
A  = Waste particle 
B = Valuable particle 
AB = Locked particle 
Wxi = the quantity of phase x in size i 
Sx = selection function for phase x 
Bij = breakage function 
i& j     = size 
QAij, QBij, QABij = directional coefficient 
 
The amount of either liberated mineral specie generated by the breakage of locked particles (size j 
to i) was obtained from the directional coefficients (computed from the liberation model). These are 
dependent on the following: volumetric grade of the crude ore, the effective mineral grain size and 
the particle size. The same breakage function was assumed for each component. A noted limitation 
of the directional coefficient used in simulation is to mid-range feed grades, however this might be 
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extended low grade ore by developing a similar linear programming approach with different and 
lower feed grade ranges to obtain different directional coefficients (Wiegel 2006).  
The result of this predictive model was compared to actual batch grinding tests of magnetite. It was 
shown that the quantity of liberation predicted by the model was greater than the actual liberation 
measured using magnetic separation. The discrepancy was related to the selective grinding of 
magnetite and in order to account for this the selection function was recalculated.  
In 2006, Wiegel published further work on liberation modelling. The model to describe liberation 
effects of size reduction was then newly termed as the Gaudin Random Liberation Model (GRLM) 
(Wiegel, 2006). It carries the idealized conceptual model used beforehand in the work of Wiegel 
and Li (1967) which was based on Gaudin (1939). Consequently, generalized equations valid over 
the entire size spectrum were derived as shown in Equations 2.6 to 2.9 for the proportion of 
liberated waste particles, liberated values particles and locked waste and values particles, 
respectively, as a function of the mineral grain size, particle size and the feed grade.  
 Riza Mariano Chapter 2 Literature Review     22 | P a g e  
 
Equation 2.6 
        
   
                 
                      
           
     
      
 
Equation 2.7 
        
   
                 
                      
           
     
      
 
Equation 2.8 
            
Equation 2.9 
 
 ⁄       
 
 ⁄ E 
Where:   
 
PA = fraction of particles by volume of liberated waste mineral 
ϵ = fractional remainder in ratio β/α 
VA = volume fraction of waste mineral in original feed 
t = largest integer in ratio β/α 
PB = fraction of particles by volume of liberated values mineral 
VB = Volume fraction of values in original feed 
PAB = Fraction of particles by volume of locked values and waste 
β = Particle size (linear dimension) 
α = Mineral grain size (linear dimension) 
K = Grain size-particle size ratio 
 
One of the limitations of the GRLM is with respect to the volumetric grade of the ore to which it 
could be applied. Specifically, it is said that the use of it is restricted to medium-grade ores in the 
grade range by volume of 15-85% mineral of interest. This is associated with the fact that there are 
only 12 composition ranges such as: 0, 0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80, 80-
90, 90-100, 100. Therefore, this limited the modelling of low-grade and high-grade ore with the 
following mid-value ranges only: 0, 5, 15, 25 and 75, 85, 95, respectively (Wiegel, 2011). 
This has become an important consideration because many of the mineral deposits which are 
processed nowadays are becoming low in grade of the valuable mineral. Thus, Wiegel (2011) 
proposed a model based on GRLM to describe the mineral liberation of low grade ores (less than 
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5% grade of valuable mineral by volume) subjected to size reduction. This was named as the 
Solitary Grain Liberation Model (SGLM). The simulation results of this model were not validated 
to actual data for the grinding and concentration of a low-grade ore.  
In a real system, during size reduction minerals are broken in an entire distribution of particle sizes. 
But, as cited by Wiegel (2006), in the GRLM calculation, there is only one particle size into which 
the mineral grain aggregate is broken at a time, but the model allow different size products by 
varying the size of fracturing. This is one of the limitations in simulations to calculate liberation. 
Specifically, assumptions are made that GRLM calculations generates resultant particles in a 
narrow size range having a composition distribution spectrum similar to the uniform, cubic 
particles.  
In an investigation conducted by Wiegel in 2010, he used the GRLM to compare true volumetric 
particle composition and estimates of composition measured from linear intercepts or areas of 
simulated polished section of particles. This was an attempt to resolve the difference in using the 
value of real sectioned particle measurements more than the required volumetric or gravimetric 
composition in mineral liberation studies. As a result, a technique was developed to transform two-
dimensional measurements from polished sections into three-dimensional volumetric GRLM 
values.   
2.2.1.4 King (1979) Model 
King’s (1979) approach in modelling texture uses linear intercepts, superimposed on a binary 
isotropic mineral assembly seen on thin or polished section of the ore under the microscope. The 
intersection lengths of the minerals define the distribution. Thus, the procedure allows the 
microscopic information to be transformed into liberation data. For this modelling technique 
intersection length is the only experimental data which is needed and no other data are required to 
be estimated. This contrasts Gaudin’s model that also requires the assumption of shape of grain or 
particles that might result to inaccurate predictions. Moreover, linear intercept distributions can be 
simply obtained by utilizing modern automated microscopic image analysis equipment. Figure 2.9 
shows an example of using linear intercept to measure the distribution of mineral grains. On the 
other hand, a crucial assumption is made in directly translating one-dimensional to three-
dimensional liberation distributions using stereology. King (1979) rationalized that the model’s 
validity cannot be proved or disproved theoretically because of this assumption and its usefulness 
must be established experimentally. 
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Figure 2.9 Linear intercept lengths from traverse cross-section of ore. (From King (1979)) 
 
Equation 2.10 is derived using the model’s theory. It is completely general and is used to calculate 
the fractional liberation of valuable mineral in particles of mesh size D. Also, it is important to note 
that a particular situation is considered in obtaining this equation namely that the ore samples break 
randomly. Specifically, it means that there is no preferential fracture along grain boundaries and of 
either valuable mineral or gangue throughout the mass of the ore.  
A preliminary confirmation experiment was conducted using liberation of pyrite in Witwatersrand 
quartzite. Figure 2.10 presents the graph of fractional liberation of pyrite versus geometric mean 
particle size of the following: 1. King (1979) model prediction. 2. Gaudin (1939) and Wiegel and Li 
(1967) prediction. 3. Experimental data. It shows that the experimental data corresponds to King 
(1979) model prediction, although some discrepancies were noted. This was associated to the 
equivalence between the one-dimensional model and the three-dimensional ore texture. Also, it was 
expressed that the King (1979) model is superior to the Gaudin (1939) and Wiegel and Li (1967) 
models based on the agreement of their prediction to the experimental data.  
       
 
 
∫ {     |  }{      }  
  
 
 
Equation 2.10 
Where: 
F(l) = Distribution of linear intercept lengths for the mineral 
µ = Mean linear intercept length for the mineral 
D = Mesh size 
N(l|D) = Linear intercept distribution function for particles of mesh size D 
Du = Largest intercept length across any particle of mesh size D 
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Figure 2.10 Assessment between theoretical and experimental results of fractional liberation 
at various particle sizes. (From King (1979)) 
 
2.2.1.5 Davy (1984) Probability Models for Liberation 
Probability models for liberation were discussed by Davy (1984).  She described the degree of 
liberation of one component of a certain material using an index in the range of 0 to 1. Second-order 
moments were used as a basis for the index of liberation, wherein the extreme values of 0 and 1 are 
designated for particles of constant proportions and for perfect liberation, respectively.  
The purpose of the study was to establish a relationship between the degree of liberation and the 
following:  
 Initial distribution of the phases within the material, 
 Sizes and shapes of the crushed particles,  
 Interaction between the fracture surfaces and phase structure.  
Moreover, the tendency of the texture of an ore to change in conjunction with difference of the 
liberation distribution as a function of size was measured statistically. This can be quantified using 
any of these approaches: linear intercepts, planar sections or full dimensional data. And, stereology 
was considered between the measurements.  
Davy (1984) outlined the possible consequences of the generated probability models for liberation. 
First, it can be deduced that perfect liberation is approached as the size of the material reaches an 
infinitesimally fine powder. In addition, the degree of liberation is greater in the more finely 
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crushed material and more apparent in the lower-dimensional data.  These results were conjectured 
true under more general conditions. 
2.2.1.6 Barbery and Leroux (1988) Model  
Independence of texture and breakage was assumed by Barbery and Leroux (1998) to develop their 
model in predicting particle composition distribution after fragmentation of heterogeneous 
materials. They outlined the characteristics essential for a predictive model and based on these, they 
structured their particle composition distribution model. In summary, their approach consists of:  
 Texture description based on a Boolean model with primary Poisson polyhedral grains.  
 Particle production calibrated on screen size fractions from comminuted ores.  
 Assumption of the independence of texture and breakage. 
After testing their model against Wiegel (1976) and King (1979) experimental data, Barbery and 
Leroux (1998) demonstrated that their model is more efficient than current models. In particular, it 
performs better in predicting particle composition at sizes similar to or larger than the mineral 
grains as shown in Figures 2.11 and 2.12. 
 
Legend: 
          Wiegel (1976) comparison of experimental results and his model prediction 
          Barbery and Leroux (1988) model compared with Wiegel (1976) experimental results. 
 
Figure 2.11 Comparison of Wiegel (1976) model prediction and his experimental results 
versus the Barbery and Leroux (1988) model. (From Barbery and Leroux (1988)) 
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Legend: 
            King (1979) experimental results and, 
            King (1979) model 
            Barbery and Leroux (1988) model 
 
Figure 2.12 Comparison of King (1979) model and his experimental results versus the 
Barbery and Leroux (1988) model. (From Barbery and Leroux (1988)) 
 
2.2.1.7 Ferrara et al. (1989) Inclusion shape, Mineral Texture and Liberation Modelling 
Ferrara et al. (1989) recognized that the texture of an ore influences liberation and recovery of 
selected minerals. They explored this phenomenon by creating a simplified texture model composed 
of two-phase rock (i.e. continuous phase, α and discrete inclusional phase, β) with four different 
geometric aspects of the inclusions.  
Figure 2.13 illustrates the four inclusional shapes describing the ore texture in a block with a narrow 
size distribution and their corresponding texture models. The textures models used in the analysis 
are briefly characterized as follows: 
a. Band model. It has banded texture of sized and parallel platy inclusions. 
b. Rod model. It has rod-like texture of parallel, infinitely long rods. 
c. Sphere model. It has granular texture of spherical mono-sized equally spaced inclusions. 
d. Box model. It is consisting of inclusions of mono-sized equally spaced parallelepipeds or 
boxes with different dimensional ratios.  
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Quantitative ore characterization for the texture modelling of liberation was measured using image 
analysis of plane sections. Specifically two parameters, ao (the specific inter granular surface area) 
and tv (the volume fraction of the inclusions) are determined. 
Several assumptions were made in developing the equations for calculating the degree of liberation 
summarized in Table 2.1. It is assumed that all inclusions have the same size and shape, and they 
are spaced far enough. Also, the resulting particle shape after size reduction, irrespective of size, is 
assumed to be spherical. Breakage of these product particles is assumed to be independent of phase 
or ore boundaries and the centre of the spherical fragment is equally likely to occur at any place in 
the ore. This condition of fracturing the ore can be regarded as random breakage based on the 
description by King and Schneider (1998a).  
 
 
 
 
Figure 2.13 Illustration of the four inclusional shapes (dark phase) describing the ore texture 
and of the four corresponding texture models below. (From Ferrara et al. (1989)) 
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Table 2.1 Summary of equations to calculate the degree of liberation of two pure phases 
( α, β) and locked α + β particles (m). (Ferrara et al., 1989) 
 
Where:  
 
 
 
 
 
 
 
 
 
tv = volume fraction of the inclusions 
ao = specific intergranular surface area 
x = particle size 
P(x)α P(x)β  P(x)m = probability that particles of size x will be 
formed composed respectively of: pure α, 
pure β or locked particles composed of part 
α and part β. 
St = 2tv/ ao 
This investigation concluded that the textural type of an ore affects liberation and a new parameter 
called textural rank, τ was developed to quantitatively characterize the rock’s texture. Textural rank 
is proposed to be utilized as predictor of the degree of liberation with values ranging continuously 
from 1, for textures characterized by predominantly platy inclusion to 3, for predominantly blocky 
inclusions.  
2.2.1.8 Gay (1999, 2004) Non-preferential breakage liberation model 
A non-preferential breakage liberation model was proposed by Gay (1999) to estimate the liberation 
distribution of particles from ore textures based on using image analysis and stereology. Its 
advantages include that it does not require assumptions about the texture and its applicability to 
both linear and planar intercepts. The model works by assuming non-preferential breakage, as its 
name suggests.  
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To describe how the model works, two tasks were identified as outlined below: 
1. A mask is created to simulate breakage on a texture specifically, by providing an outline 
of particle shapes to be superimposed on a texture. It is obtained using a set of images of 
particles which result from breaking the ore.  
2. Liberation distribution is estimated using the intercepts from the masked texture image 
based on stereological correction with the assumption that ore breakage is independent of its 
texture.  
Gay (1999) tested this model using mathematical simulations in three dimensions. He assumed a 
binary phase ore which corresponds to a box, and the minerals inside are spherical in shape and 
arranged randomly. Figure 2.14 shows one of the plane sections of the box-shaped Boolean ore and 
the resulting breakage products produced using masking method. 
 
In addition, masks were also generated to simulate linear intercepts through spheres as presented in 
Figure 2.15. 
 
 Figure 2.14 Gay (1999) mathematical simulation of his non-preferential breakage 
model using masking technique. a). Assumed Boolean texture with spherical primary 
mineral. b). Resulting spherical breakage products of the Boolean texture using 
masking method. (From  Gay (1999)) 
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Figure 2.15 Linear intercept masks were tested on the simulated Boolean texture. a). Linear 
intercept mask b). Resulting linear intercepts of the Boolean texture using the masking 
technique. (From Gay (1999)) 
 
The liberation distributions of the broken particles (i.e. as spherical particles, and planar and linear 
intercepts) were simulated at a number of sizes. Stereological correction was applied on the 
liberation distribution results. Figure 2.16 shows the variation of liberation distribution with size for 
the spherical particles.  
 
 
 
 
 
 
 
 
 
 
Figure 2.16 Liberation distribution of spherical particles with different sizes presented as a 
graph of cumulative volumetric proportion against grade. (From Gay (1999)) 
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Gay (1999) concluded that liberation distribution results for planar intercepts has a better   
correspondence with the actual volumetric liberation distribution compared for the linear intercepts. 
On the other hand, the corrected linear liberation distribution from linear intercepts was more 
accurate than without using stereological correction.  
A later update on this model incorporated the presence of preferential breakage, although further 
research and validation is needed for this to be completed (Gay, 2004). 
The same approach as Gay (1999) of superimposing a breakage pattern on a texture image has been 
used by Evans (2010), and Van der Wielen and Rollinson (2016) to generate the products of 
fragmentation and  their mineralogical composition is analysed to produce a liberation distribution.  
However, they have employed different fragmentation patterns on an actual mineral textural images 
measured by automated mineralogical analysis. Evans (2010) simulated random breakage by using 
random geometric masking approach, where a square grid mask is applied on an image from MLA. 
Van der Wielen and Rollinson (2016) used Voronoi tessellations to represent a fragmentation 
pattern superimposed on textural images measured using QEMSCAN for the liberation analysis.   
2.2.1.9 King and Schneider (1998a) Model 
A general equation that does not require any assumptions about non-random and random breakage 
in batch comminution was derived by King and Schneider (1998a) as shown in Equation 2.11. They 
derived it based on the equation developed by Andrews and Mika (Andrews and Mika, 1975).  
Equation 2.11 
     ∑∑      
     
  
   
 
   
 
 
The general equation presented in Equation 2.11 has the following coefficients shown in Equations 
2.12 to 2.14 which are related to the initial conditions and to the selection function Sij and breakage 
function bijkl. 
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Equation 2.12 
               
Equation 2.13 
             ∑∑     
  
   
   
   
 
Equation 2.14 
             ∑∑     
  
   
   
   
 
          Where: 
Ak,jil = Fraction of product appearing in grade class k from 
the portion of population that is breaking from 
parents in grade class i and size classes l to j 
i, j, k, l = Variable index 
An assumption that breakage occurs randomly simplifies any model of mineral liberation. King and 
Schneider (1998a) stated that the random fracture pattern that results during comminution of any 
particle is independent of the mineralogical compositions and texture of the particle. They discussed 
the six conditions characterizing random fracture which are useful simplifications of the multi-
component batch comminution equations. 
1. No selective breakage. The following are the assumptions of no selective breakage: 
 
a. Mineral phases are equally brittle. 
b. Specific rate of breakage Sij is not a function of the composition of the 
parent particle 
The new general equation is therefore presented in Equation 2.15. 
Equation 2.15 
     ∑                 ∑     
    
 
   
  
   
 
 
Equation 2.15 has the coefficients as shown in Equations 2.16 and 2.17 which can be evaluated 
recursively: 
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Equation 2.16 
           ∑    
   
   
 
Equation 2.17 
     
∑   ∑          
  
   
   
   
     
 
 
2. No differential breakage. A no differential breakage condition implies that size breakage 
function bj,k,l is independent of the composition of the parent particle. This implication is 
shown in Equation 2.18.  
Equation 2.18 
                   
 
3. No preferential breakage. A no preferential breakage assumption takes on the simple form 
of this Equation 2.19.  
 
Equation 2.19 
∑                             
  
   
 
 
4. No phase-boundary fracture. No special provision is made when no phase-boundary 
fracture is assumed. 
5. No liberation by detachment. It is assumed that liberation by detachment does not occur 
during random fracture.  
6. No boundary-region fracture. Under the assumption of random fracture, this occurrence 
must not happen.  
 
The equations derived by King and Schneider (1998a) were validated in experiments using an iron 
ore. A laboratory batch mill was used to grind the monosized samples obtained from an operating 
plant. The grinding tests were carried out for 10, 20 and 30 minutes. Mill products were sized and 
each size fraction was prepared for image analysis. Then liberation measurements were obtained 
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using linear intercept method and stereological bias was corrected by applying King and 
Schneider’s entropy regularisation method (King and Schneider, 1998b). 
 
Figures 2.17 and 2.18 show the measured and calculated particle composition distribution for iron 
ore after 10 minutes of batch grinding, respectively. It was identified that selective fracture was 
occurring, with the gangue appearing to be more brittle than the mineral phase. Since, it can be 
observed in Figure 2.17 that the remaining particles in the feed size fraction and the sizes finer than 
the feed displayed a well-defined shift to a higher mineral grade.  This finding was accounted in the 
batch equation using a brittleness ratio of 0.5. According to King and Schneider (1998a), the 
agreement between the two liberation distributions was excellent. The calculated profile showed the 
essential features of the experimental liberation profile and although the measured profile showed 
unavoidable scatter. 
 
In their paper King and Schneider (1998a) described ways to model and simulate the following non-
random breakage mechanism. 
 
a. Selective breakage can be simulated by modelling the effect of unequal mineral 
brittleness on the selection function. 
b. Preferential breakage can be simulated through its effect on the internal and possibly 
also on the boundary structure of the attainable region in the Andrews and Mika 
diagram.  
c. Differential breakage can be simulated using experimentally determined variations in the 
size breakage function with parent particle composition. 
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Figure 2.18 Calculated particle composition distribution using King and Schneider (1998a) 
model after 10 minutes of batch grinding of an iron ore. (From  King and Schneider (1998a)) 
2.2.1.10 JK-GRLM (2013) 
Michal Andrusiewicz developed a model of liberation in comminution termed the Julius 
Kruttschnitt Gaudin Random Liberation Model (JK-GRLM). Details of this model are discussed in 
Evans et al. (2013). It was based on previous models described by Gaudin (1939), Wiegel and Li 
(1967) and Wiegel (1976, 2010, 2011). 
 
 
 
 
 
 
 
 
 
 
Figure 2.17 Measured particle composition distribution using King and Schneider (1998a) 
model after 10 minutes of batch grinding of an iron ore. (From  King and Schneider (1998a)) 
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This approach works by breaking a known ore texture randomly to create simulated product 
particles with the following characteristics defined by the breakage model: size, shape, composition 
and texture. Figure 2.19 illustrates this liberation model. 
  
Figure 2.19 JK-GRLM process visualization (From Evans et al. (2013)) 
 
The virtual cubic block of ore is created by placing mineral grains of a defined grain size 
distribution, characterising the actual block of ore. The grain size distribution of these mineral 
grains in the ore was measured using X-ray tomography. The initial approach of this model is to use 
cubic mineral grains and place them randomly in the virtual block. Then, a cubic random breakage 
pattern is imposed on the texture model to produce product particles. Lastly, the characteristics of 
the product particles are computed and recorded in a data structure specifically known as the 
liberation spectrum. This information is as follows: 
 For each size fraction of product particle 
o Particle density distribution 
 For each mineral in each particle size fraction 
o Volumetric particle composition data (for 3D particles) 
o Particle surface and area composition data (for 3D particles) 
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 A case study was carried out to test the model’s capability as outlined by Evans et al. (2013). The 
investigation focused on the liberation of pyrite from a gold-bearing pyrite ore sample form 
Barrick’s Kanowna Belle (KB) operation. The quantitative description of its ore texture as an input 
in this model was obtained sequentially by: first, three-dimensional images of unbroken ore texture 
are collected using Skyscan 1172 X-ray tomography system and then, image analysis techniques are 
applied to quantify characteristics such as mineral grain size distribution, mineral grain shape and 
spatial location of grains in three dimensions. The size of particle to be analysed was chosen to be 
as coarse as possible to correspond to the unbroken texture of the ore, balanced with size capacity of 
the X-ray tomography equipment. Figure 2.20 shows the image of pyrite grains inside one 5 mm ore 
particle as measured by X-ray tomography. It can be seen that the ore is composed of typically 
cubic or euhedral pyrite grains distributed through a matrix which contained quartz and carbonate 
minerals. Figure 2.21 summarizes the methodology to simulate JK-GRLM using KB ore sample.  
  
Figure 2.20 3D image of pyrite grains captured using X-ray tomography. (From Evans et al. 
(2013)) 
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Figure 2.21 JK-GRLM simulation methodology 
 
 
After applying the JK-GRLM to the pyrite ore, the resulting graph of the pyrite particle composition 
distribution is shown in Figure 2.22. To allow comparison between the liberation characteristics 
produced by the model and actual plant data, JK-GRLM was used to break the pyrite ore to the 
same particle size distribution as the SAG screen undersize stream. Figures 2.23 and 2.24 show the 
methodology used to characterize the actual KB sample from SAG mill screen undersize stream and 
the resulting particle composition distribution graph, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22 JK-GRLM simulation pyrite particle composition distribution results. (From Evans 
et al. (2013)) 
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Figure 2.24 Actual plant data pyrite particle composition distribution result measured using 
MLA. (From Evans et al. (2013)) 
 
By comparing the simulated and measured liberation distributions, the reliability of the model to 
quantify liberation was tested. Accordingly, it can be observed that the simulated and measured 
liberation graphs have apparent differences. Two main reasons were given for the discrepancy such 
as:  
1. Stereological bias occurred because measurements on polished sections of the SAG screen 
undersize were used to measure liberation leading to over-estimation of the amount of 
 
Figure 2.23 Methodology to characterize the actual KB sample from SAG mill screen 
undersize  
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liberated mineral in some size fractions from these measurements when compared to 
volumetric data generated by the JK-GRLM.  
2. Figure 2.25 shows that there is some evidence detected of at least one type of non-
breakage occurring in the liberation of pyrite in the ore. This was not reflected in the 
simulation outputs of JK-GRLM, since this model is only based on random breakage. 
Specifically, the type of non-random breakage occurring can be found around the 
boundary of pyrite grains, detaching them from the quartz/carbonate matrix. 
 
 
Figure 2.25 Evidence of non-random breakage of pyrite from MLA measurements on SAG 
mill product. (From Evans et al. (2013)) 
 
The advantages of using the JK-GRLM include, it is a new demonstration of texture-based 
modelling proceeding from the approach originally described by Gaudin (1939) and Wiegel and co-
workers (1967, 1976, 2006, 2011).  It employs model inputs quantified from a real ore texture using 
X-ray tomography analysis which represents the actual ore that simulates the system realistically. 
However, there are assumptions employed  to generate the input for the JK-GRLM such as cubic 
grains and random distribution of grains in the texture model  The JK-GRLM can also generate 
various data types (i.e. volumetric, areal and surface) for the liberation distribution due to the 
method it implements in the breakage simulation. 
2.2.2 Summary of texture-based models of mineral liberation 
One or more of the following limitations have been encountered in using the texture-based models 
of mineral liberation proposed by the researchers outlined above:  
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• Models require the assumption of random breakage for simplification for ores where 
non-random breakage is known to occur.  
• Models treat ore as a binary system with the mineral of interest as one phase and all 
other minerals grouped together to form the second phase.  
• Models require the assumption of specific size and shape of feed grain and product 
particles before and after breakage.  
• Models are not validated to wide range of real ores. 
2.3 Non-random breakage in mineral liberation 
Comminution is the reduction in size of an ore by crushing and grinding which also breaks the ore 
into pieces.  It is performed to liberate valuable minerals before separation. According to Malvik 
(1988), the following are two mechanisms which govern liberation of a mineral during grinding: 
1. The general increase in mineral liberation with decreasing particle size which occurs 
regardless of any preferential breakage along or across the grain boundaries. 
2. The increase in mineral liberation due to preferred breakage along grain boundaries 
during the comminution. 
The manner of breakage that an ore undergoes influences mineral liberation, one of which is the 
fact that breakage of minerals may be random or non-random.  
2.3.1 Definition of random and non-random breakage in mineral liberation 
With numerous researchers investigating this topic over the years, a variety of definitions of random 
and non-random breakage in mineral liberation have been presented in the literature. These 
definitions were reviewed by Mariano et al. (2016). The definition could be summarised as random 
liberation being the independence of breakage from both ore properties and mechanical properties 
during comminution. 
2.3.2 Non-random breakage in the literature 
The assumption of random breakage in mineral liberation modelling is made for simplification. But, 
many real ores and breakage processes show some extent of non-random breakage. The presence of 
non-random breakage was observed in the following investigations: 
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1. Gaudin (1939) stated that liberation by detachment is not achieved by intimate 
intergrowths of sulphide minerals of similar properties like marmatite and pyrrhotite 
or marmatite and chalcopyrite. 
2. According to Steiner (1975), grain or phase boundary fractures are far from being 
uncommon in metallic materials and undoubtedly occurs in the grinding of 
aggregations of sedimentary origin that have undergone only a weak metamorphosis 
or no metamorphosis at all.  
3. Laslett et al. (1990) concluded from their investigation that grain boundary fracture 
was occurring in the chalcopyrite bearing ore from Mt. Lyell, Tasmania. 
4. Battersby et al (1992) discussed the possibility of preferential liberation of 
chalcopyrite through grain boundary breakage. 
5. According to Fandrich et al. (1997) the particle bed breakage of the binary iron oxide 
sample that they investigated showed preferential breakage and interfacial breakage 
or grain boundary fracture. 
6. Fandrich (1998) was the first to examine closely the forms of selective liberation and 
their consequences for liberation modelling. The three forms of selective liberation 
relating to differential phase properties such as selective, differential and preferential 
breakages were addressed in this work. 
7. Stephenson (1997) concluded that breakage in the HPGR was a non-random event. 
In particular, the apparent improvements in liberation of the pyrite in the pyritic gold 
ore sample he used are due to breakage along pyrite/silicate grain boundaries in 
preference to breakage across grain boundaries. Moreover, this preferential breakage 
along grain boundaries would achieve greater liberation than random breakage. 
8. In King and Schneider (1998a) study, they found out that the iron ore sample that 
they investigated exhibited selective fracture, with the gangue being more brittle than 
the mineral phase. 
9. Daniel (2007) stated that results on micro-cracking in his three study ores namely 
BHP-Billiton bauxite ore, Mt. Isa lead zinc ore and Lonmin platinum/chromite ore 
subjected to HPGR process, conventional ball milling and hybrid HPGR/ball mill 
circuits showed that preferential breakage was taking place, but his research did not 
quantify the extent of enhanced preferential mineral liberation. 
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10. Hocking (2009)concluded that cracks propagate preferentially around some mineral 
inclusions and his work showed that changes in mineral texture affect the 
propagation of cracks through a sample in three dimensions.  
11. Vizcarra (2010) observed the liberation properties of the magnetite and quartz phases 
within the Ernest Henry ore. He suggested that these phases break in different 
mechanisms, particularly magnetite was subject to non-random breakage whereas 
quartz undergoes random breakage.   
12. Evans et al. (2013) investigated the liberation of pyrite in quartz/carbonate matrix.  
They detected one type of non-random breakage occurring around the boundary of 
pyrite grains, detaching them from the matrix. 
 
It can be noted that none of these authors quantified how much of the liberation was due to non-
random breakage. Information about the relative contributions of random and non-random breakage 
can be used to evaluate the applicability of simplified mineral liberation models based on random 
breakage, as well as to adapt them to consider the occurrence of non-random breakage.  
2.3.3 Investigation of non-random breakage 
By investigating the presence of non-random breakage in an ore, or in greater extent of identifying 
the occurrence of different types of non-random breakage can be used as a method to validate the 
liberation models based on random breakage.  
 
It is assumed that in the absence of non-random breakage, it is the opposite random liberation 
behaviour which is occurring. Laslett et al. (1990) developed a graphical assessment of a random 
breakage model for mineral liberation. Using their model, the presence of random or non-random 
breakage was evaluated. Random breakage was defined by Laslett et al. (1990) as independence of 
the fracturing mechanism and ore texture.  They proposed a method to assess random breakage for 
mineral liberation using line scan-data. Samples of chalcopyrite bearing ore from the Mt. Lyell 
copper mines, Tasmania was used in their study.  
 
The mathematical model of the ore undergoing crushing was treated as two phases, mineral and 
gangue. This material was assumed to be  statistically stationary and isotropic collectively called as 
homogenous, that is, statistical properties do not vary with location in the ore and a linear probe 
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cutting it at any orientation would result in mineral and gangue intercepts with the same statistical 
properties, respectively. The fracturing mechanism is modelled as a line transect across the polished 
surface of a random particle.  
Figure 2.26 demonstrates the isotropic uniform random (IUR) line probe intersecting a particle 
generating an intercept (0,l). There are four classes of mineral intercepts as shown in the image 
namely: 
1. (M1) Uncensored (i.e. when a mineral intercept did not meet the edge of the particle); 
2. (M2) left-end uncensored, right-end censored (single-end censored); 
3.  (M3) left-end censored, right-end uncensored (single-end censored); 
4. (M4) both ends censored (double-end censored) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 Schematic diagram of the particle and breakage mechanism used for modelling. It 
demonstrates the isotropic uniform random (IUR) line probe crossing a particle creating an 
intercept (0, l). (From Laslett et al. (1990)) 
 
Using this theoretical viewpoint for the breakage of a homogeneous ore, the effects of random 
breakage assumption was assessed. They have found out that mineral content, the interphase 
boundary per unit length and the percentage of mineral exposed on the particle surface should be 
constant for all sieve sizes during comminution.  
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As mentioned, they have used the sample ore from the Mt. Lyell copper mines to test the developed 
method. The ore was comminuted and the product particles were analysed using QEM*SEM. The 
results showed that for this ore random breakage is not happening. The following experimental 
outcomes support their conclusion: 
Figure 2.27 presents the plot of wet chemical and QEM*SEM assay results as copper Wt. (%) and 
sieve size in microns. It can be observed that it is not consist of a horizontal set of points to show 
that random breakage is occurring.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.27 Graph of wet chemical and QEM*SEM assay results as copper (Wt.%) and sieve 
size (µm) showing that random breakage is not occurring. (From Laslett et al. (1990)) 
 
The percentage of chalcopyrite, in terms of particle edges which are chalcopyrite and pixels in 
relation to sieve size was plotted as shown in Figure 2.28. Chalcopyrite is concentrated in the 
smaller sieve size ranges and diminishes in the larger sieve size ranges relative with the feed. This 
pattern disagrees with random breakage occurrence. 
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Figure 2.28 Graph of amount of chalcopyrite (%) as edges and pixels, and sieve size (µm) 
showing that the pattern disagrees with random breakage occurrence. (From Laslett et 
al. (1990)) 
 
Lastly, Figure 2.29 displays the graph of interphase boundary concentration against sieve size. It 
shows that, compared to the feed, there is a 'loss' of interphase boundary in the sieve size fractions 
suggesting the presence of boundary fracture during comminution. 
 
 
 
 
 
 
 
 
 
 
Figure 2.29 Graph of estimated density of interphase boundary and sieve size (µm) 
suggesting the presence of boundary fracture during comminution. (From Laslett et 
al. (1990)) 
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Austin et al. (1993) postulated that preferential fracture along mineral grain boundaries could have 
caused the enrichment of the amount of nickel sulphides in some size fractions, particularly in the 
fine particle sizes as shown in Figure 2.30. Although results were further investigated to what 
caused this behaviour, the analysis utilised to suggest the occurrence of preferential fracture along 
mineral grain boundaries is in line with Laslett et al. (1990). The amount of Nickel and Sulphur is 
not constant for all the size fractions during comminution suggesting the presence of presence of 
grain boundary breakage. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.30 Chemical analysis of Nickel to Sulphur ratio as a function of particle size plot. 
(From Austin et al. (1993)) 
 
In the study of Fandrich et al. (1997) examining the development of a mineral liberation model for 
the particle bed breakage of a binary iron oxide ore, the random fracture assumption used by many 
liberation models was investigated. It was concluded that forms of non-random breakage must be 
taken into account when developing mineral liberation models.  
 
Two forms of non-random breakage namely preferential breakage and interfacial breakage in the 
ore were identified. The existence of preferential breakage was recognized through liberation 
measurements on the products of the particle bed breakage of the binary iron oxide ore. On the 
other hand, the presence of interfacial breakage or grain boundary fracture was identified using 
interfacial surface area measurements which showed a net loss of particle interfacial surface area 
between feed and product.  
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The method of identifying the presence of non-random breakage in ores presented below is based 
on the comprehensive types of non-random breakage defined by King and Schneider (1998a) and 
the general ways of recognizing them.  
 
Selective breakage, differential breakage and preferential breakage are closely related because they 
are primarily attributable to the phases’ material properties, hence making their individual 
identification complex.  Fandrich (1998) referred material properties such as hardness, flaw density, 
brittleness and fracture toughness as the major candidates responsible for these non-random 
breakage phenomena.  
2.3.2.1 General methods to observe non-random breakage 
One of the best and general ways to detect non-random breakage is by observing crack propagation 
in an ore sample. Crack propagation around the grain is called intergranular fracture while those 
which pass through the grain are transgranular.  
Crack propagation can be analysed qualitatively using light microscopy (to examine the sample 
surface), X-ray tomography (to examine 3-D structure).  
Hocking (2009) examined a single particle rock breakage using an instrumented load cell, acoustic 
measurement and X-ray tomography in his PhD study. He used different types of quarry rocks 
which were shaped as cylindrical samples with size of 13.4 mm diameter and 15-17 mm lengths. 
Samples were impacted over a range of energies. The changes in particle structure were examined 
using tomography and analysis techniques were developed to investigate cracking in the sample. 
From his work, he concluded that the difference in the resistance of different mineral types to 
breakage may affect the way crack propagate through a sample, however he did not identify the 
mineral types present in his samples. Also as shown in Figure 2.31, he observed that mineral texture 
affect the propagation of cracks through a sample in three dimensions. Particularly, cracks 
propagate preferentially around some mineral inclusions.  
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Figure 2.31 Cross section of granite (left) and basalt (right) sample showing cracks propagate 
preferentially around some mineral inclusions. (From Hocking, 2009)) 
2.3.2.2 Selective Breakage 
Selective breakage occurs when the mineral phases have unequal brittleness and it was also 
assumed to be dependent on the flaw size distribution and material’s fracture toughness according 
to classic Griffith’s model of fracture mechanics (King and Schneider, 1998a). 
Correspondingly, to identify selective breakage as a type of non-random breakage in the 
comminution process the material properties of the mineral phases present in the ore should be 
analysed. 
Bond strength evaluation is one of the material properties which could be investigated. Petruk 
(2000) discussed ways to identify bond strength of minerals. According to him, grain boundary 
irregularities give a measure of the extent of intergrowth of minerals and in turn, of bond strength 
between the grains. Specifically, a strong bond can be exhibited by sinuous grain boundaries 
showing strong intergrowths, while a weak bond can be seen on straight grain boundaries showing 
no intergrowths. An image analyser that has a binary thinning routine or its equivalent can be 
utilized to assess grain boundary irregularities. One more approach is by observing polished 
sections, presence of incipient fractures and pits along grain boundaries would indicate weakly 
bonded grains.  
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2.3.2.3 Differential Breakage 
Occurrence of differential breakage is dependent on the total composition and microstructural 
texture of the parent particle, since high stresses are experienced internally due to various physical 
properties present (King and Schneider, 1998a). This form of non-random breakage could be 
identified by performing physical experiments using parent particles with various total composition 
and microstructural texture and to analyse their effect on breakage products.   
2.3.2.4 Preferential Breakage 
Preferential breakage in ores is said to be a common occurrence. Minerals undergoing preferential 
breakage would be present in the finer sizes, since more crack branching during comminution 
occurred in those minerals (King and Schneider, 1998a). 
Many researchers have used the variation of mineral content with size to indicate the occurrence of 
preferential breakage. Particularly as King (2001) described if one of the minerals fractures 
preferentially it will result in higher amount in the finer sizes after the breakage event. Fandrich 
(1998) stated that an indication of the presence of preferential breakage is when the coarser product 
sizes had higher average volumetric grades than the finer product sizes. On the other hand, 
Stephenson (1997) used cumulative liberation yield. According to him, preferential breakage could 
be identified when the proportion of particles containing the mineral of interest in a particular size 
fraction exceeds a preset level of liberation.  
Fandrich (1998) stated that preferential breakage can be caused by difference in particle sizes which 
was tagged as particle size effect or the breakage by size mechanism. This effect says that coarser 
particles break finer ones; or rather the finer particles have the tendency to protect the coarser 
particles.  
Different grinding rates in simulation for two different minerals such as the valuable and waste 
were used by Wiegel (2002) to account for the occurrence of preferential breakage.  
For validation of any process that promotes or enhances preferential mineral liberation, Daniel 
(2007) recommended the potential application of mineral liberation analysis in terms of particle 
tracking and MLA data mass balancing.   
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2.3.2.5 Liberation by Detachment 
Liberation by detachment is easy to detect, but unlikely to occur. As Gaudin (1939) stated, this 
phenomena is theoretically possible but practically it is no more than partly realized. He also wrote 
in his book that it can be detected by a sizing analysis of the crushed product obtained from a 
uniformly sized feed to a crusher, particularly when there will exist an excessive amount of particles 
of the size of the grains that are involved in the liberation by detachment. Figure 2.5 shown 
previously demonstrates this method. It is dependent on whether the grains are loosely bonded, thus 
investigating the material properties is essential. 
 
Moreover, Berube and Marchand (1984) experimented on iron ore where its product particle size 
distribution graph are congruent with what Gaudin (1939) have discussed about the appearance of 
double peak in the sizing analysis explaining random fragmentation and preferred fracture at grain 
boundaries. This occurrence is shown in Figure 2.32. The peak in the mass fraction between 100 to 
150 mesh was explained to be due to preferential fragmentation along the mineral grain boundaries 
of the ores as the mean size of quartz and iron oxide grains corresponds approximately to that size. 
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Figure 2.32 Six grinding products of iron ore showing two peaks in the particle size 
distribution graph indicating random and preferential fragmentation. (A: whole product and 
B: less than 14 mesh materials). (From Berube and Marchand (1984)) 
 
Assessing the physical image of the grain of interest after breakage would help to examine the 
presence of liberation by detachment: if present, the grain of interest would retain the same physical 
grain shape and size after breakage. With this situation, confusion may arise between liberation by 
detachment and grain boundary breakage since, when grain boundary breakage occurs, the grain of 
interest also retains its original shape and size. There should be a clear emphasis that liberation by 
detachment happens in a specific way when the grains are bonded loosely such that the fracturing to 
the grain size of the rock should result in complete liberation and no further liberation should be 
obtainable by additional comminution. 
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2.3.2.6 Phase Boundary Breakage 
Phase boundary breakage occurs when cracks tend to propagate along phase boundaries rather than 
across the phases (King and Schneider, 1998a). There are several ways of investigating this 
occurrence. One way is through comparison of the feed and total product interfacial areas 
(Fandrich, 1998; Sutherland and Fandrich, 1996). A net reduction in interfacial surface denotes the 
presence of interfacial breakage. When interfacial area goes to zero, it indicates complete liberation 
of all grains after size reduction. The Phase Specific Interfacial Area (PSIA) is specifically used to 
evaluate this occurrence. This is calculated by measuring the perimeter of a particular mineral phase 
that is locked with other minerals per unit area of the given phase (Vizcarra, 2010). Non-random 
breakage, particularly phase boundary breakage will give a decreasing PSIA value as particle size 
decreases.  
Garcia et al. (2009) developed a method to assess the extent of preferential grain boundary breakage 
for different conditions using X-ray micro tomography (XMT). In their study, they used 3mm cubic 
single multiphase copper ore particles which were broken by slow compression. Different strain 
rates used in the compression tests of the 3 mm cubic particle and the time required to compress it 
by 0.1 mm for a given strain rate were recorded. After breakage, the product particles were sieved 
and weighed per size class, for further analysis using XMT. The XMT reconstructed images of both 
the initial 3mm cubic particle and the sized broken particles were utilized to identify geometrical 
properties (e.g. volume and surface area) of each mineral phase for each multiphase particle using 
customized algorithms. Their geometric properties were employed to calculate the interfacial area 
shown in Equation 2.20. 
 
Equation 2.20 
                                   
                                  
 
 
 Where:   
 
 
S = Surface Area 
The degree of preferential grain boundary breakage is assessed based on the ratio of specific 
interfacial area after breakage by slow compression compared to the initial specific interfacial area. 
Garcia et al. (2009) investigation for the copper ore showed that preferential grain boundary 
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fracture occurs at low energy dissipation rates (power). As an example, they pointed out that about 
35% of the interfacial area was lost at the lowest energy dissipation rate. Then at higher rates, it was 
stated that little interfacial area is lost and the occurrence of breakage is predominantly due to 
random fracture. 
Image analysis can also be used to detect phase boundary breakage. Daniel (2007) used SEM 
photomicrographs in discussing the possibility of grain boundary breakage of chalcopyrite in a 
copper ore. Classified images of pyrite grains from the SAG mill product measured using MLA was 
also used by Evans et al. (2013) as a probable evidence of non-random breakage occurring around 
the boundary of pyrite grains, allowing them to be released intact from the matrix.  
Sutherland and Fandrich (1996) used image analysis not only to investigate grain boundary fracture 
but also selective breakage. They used micrographs of copper ore product particles subjected to 
particle bed compaction test presented in Figure 2.33 to show the occurrence of selective and grain 
boundary fracture. Selective breakage is apparent in Figure 2.33 photo A, since chalcopyrite which 
is the bright phase in the micrograph is fragmented and is broken by silica which has a harder 
phase. In this case, silica exhibits a lesser breakage rate compared to chalcopyrite. In Figure 2.33 
photo B, crack propagating in pyrite does not pass through the grain but it follows the phase 
boundary as opposed to the case of chalcopyrite, in turn the surface of the pyrite grain is exposed 
without breaking it. 
Both PSIA and microstructural observations using SEM images were used by Stephenson (1997) in 
his thesis to conclude that HPGR processing enhanced the breakage along grain boundaries of 
pyrite from a silicate gangue. In addition, crack density calculations can be used to measure an 
enhancement of this type of breakage mechanism. 
Furthermore, Grain size vs. Particle size analysis can be utilized to investigate non-random 
breakage specifically phase boundary breakage and/or boundary region fracture (Vizcarra, 2010). It 
can be observed when mineral grain size is retained as particle size decreases and this trend is 
maintained until the particle size equals the grain size, thereby indicating that fracture planes do not 
cut through the grain.  
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Figure 2.33 Copper ore product particles subjected to confined particle bed test. Photo A shows 
selective breakage of chalcopyrite (light in colour) fragmented by the silica encasing it (dark in 
colour and unbroken). Photo B shows grain fracture along grain boundaries of pyrite (euhedral 
in shape). (From Sutherland and Fandrich (1996)) 
 
 
2.3.2.7 Boundary Region Fracture 
 
Boundary region fracture takes place when the material in the region of phase boundaries produces 
different fracture pattern from other regions. This happens because of distinct material properties 
and stress condition. It can be investigated using Phase Specific Interfacial Area (PSIA) analysis 
and Grain size vs. Particle size analysis. 
2.4 Observations on mineral liberation in comminution 
Mineral liberation is achieved by breaking the ore and the breakage process occurs as a result of 
using different modes of breakage applied at a range of input breakage energies. The term mode of 
breakage refers to impact, attrition, and shear or compression breakage. Compression is described 
as crushing by compression between two surfaces. Impact is the sharp and rapid breakage of one 
moving object against another. Size reduction through attrition and shearing is achieved by 
scrubbing and trimming or cleaving action of a material between two surfaces respectively (Mular 
et al., 2002). 
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In the investigation of mineral liberation in comminution, modes of breakage and breakage energies 
should be considered along with ore texture, since the breakage outcome is a fundamental property 
based on grain size distribution and mineral association.  
Observations have been made on liberation in comminution which is regarded as a helpful tool for 
modelling the particle characteristics in mineral comminution and separation circuits especially for 
the development of multicomponent models of comminution and separation processes (Evans and 
Wightman, 2009). In the work of Berube and Marchand (1984), Manlapig et al. (1985), Wightman 
et al. (2008) and Vizcarra (2010), they have observed the heuristic (also called the ‘rule of thumb’) 
that the degree of liberation of a mineral in a given size fraction remained almost constant, 
regardless of where in a communication circuit the sample was taken.  
Berube and Marchand (1984) observed that for particle sizes less than 210 μm both the degree of 
liberation and the particle grade distributions of a given size fraction was constant for an ore 
subjected to different modes and degrees of grinding. For particles coarser than 210 μm, it was the 
contrary. These were the results of their study of an iron ore containing hematite, magnetite and 
quartz from Newfoundland (Canada) subjected to different comminution processes such as jaw 
crushing, roll crushing and ball milling. These observations are of interest since it suggests that 
degree of liberation is constant for an ore subjected to different modes and degrees of grinding. 
Moreover based on their results, they proposed that it could be unnecessary to measure each 
breakage product if the objective is to evaluate the effect of grinding. From the observations made 
by Berube and Marchand (1984) the mineral grade and degree of liberation could be modelled by 
measuring a set of particle size intervals for only one product, then these data is used to infer for 
products with other particle size distributions. 
A similar result was observed in Manlapig et al. (1985), using samples from different grinding 
circuits of a Lead/Zinc Concentrator of Mount Isa Mines Limited. Samples from the primary and 
secondary circuits were measured using QEM*SEM to understand the liberation process during 
comminution of the major minerals in the ore namely galena, sphalerite, iron sulphides and the non-
sulphide gangue. Figure 2.34 shows the graphs of intergrowth and liberation characteristics of 
galena in the 0.014 to 0.027 mm size range samples from the rod mill discharge, primary 
hydrocyclone underflow, primary ball mill discharge and primary hydrocyclone overflow. It was 
observed that the cumulative liberation yield (i.e. the amount of a given mineral carried in those 
particles for which the volume fraction of the mineral is greater than or equal to a given value) of 
galena in each of the four graphs presented in Figure 2.34 is constant. This trend suggests that the 
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amount of liberation of galena in 0.014 to 0.027 mm size fraction is unchanging at different degrees 
of grind. It was mentioned that the liberated galena remains constant but the amount of material in 
the size fraction investigated may increase, as the ore is ground finer. Moreover, the same liberation 
characteristics were observed for sphalerite in the samples. 
Wightman et al. (2008) concluded that the particle composition distribution of a given size fraction 
from a comminution circuit is constant for the mineral irrespective of whether the product has been 
crushed, ground or subjected to impact breakage or compressive breakage and also regardless of the 
 
 
Figure 2.34 QEM*SEM results for galena intergrowth and liberation characteristics in the 
0.014 to 0.027 mm size range in samples from the rod mill  discharge, primary hydro cyclone 
underflow, primary ball mill discharge and primary hydro cyclone overflow. (From  
Manlapig et al. (1985)) 
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overall size distribution of the comminution product. The ore samples used in the experiment were 
two copper porphyry ores with chalcopyrite and bornite as the dominant copper minerals and Ag-
Pb-Zn ore. The samples were crushed then further size reduction was conducted using the following 
laboratory scale comminution equipment: rod mill (impact and abrasive breakage), hammer mill 
(impact breakage) or piston and die (compressive breakage). Then the product particles were 
submitted for mineralogical analysis in polished section using the JK MLA system.  
Figure 2.35 shows one of the results of the effect of mode of breakage, specifically hammer mill 
and piston and die on the liberation behaviour of bornite from Wightman et al. (2008) investigation. 
It was observed that for a given compositional class the proportion of bornite in the 90-100% class 
as a function of size is independent of the comminution path taken to produce the size fraction. 
 
Figure 2.35 Proportion of 90-100% liberated bornite as a function of size (key: IM = hammer 
mill product, PD =piston and die product, numerical value in legend is upper size limit of 
product in µm. (From  Wightman et al. (2008) 
One of the most recent investigations in this field was conducted by Vizcarra (2010). He concluded 
that for both valuable and non-valuable mineral phases, the size-by-size liberation properties were 
independent of the breakage method (i.e. impact and compression breakage) used to produce 
product particles. Also, the degree to which a sample was comminuted was found to have no effect 
upon the size-by-size liberation properties of each mineral phase. Other findings include, size-by-
size liberation properties of feed particles also closely followed those of the samples discharged 
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from the breakage device used and the size-by-size mineral locking properties (the proportion of a 
given mineral phase locked in either binary or ternary particles) were identical irrespective of 
particle size distribution and the breakage method used. These results were deduced using various 
mineral phases of ores (of differing compositions and textures) particularly ores from Northparkes, 
Ernest Henry and Century Mines which were subjected to both impact and compression breakage 
(particle bed breakage) to various particle size distributions by comminution in a hammer mill and 
piston and die compression unit, respectively. Then, size-by-size liberation measurements were 
conducted using MLA. Consequently, Vizcarra (2010) stated that the mechanism of particle size 
reduction employed does not control the liberation properties of an ore, since they are determined 
from the mechanical properties of individual mineral phases with an ore. 
These researchers had observed that the heuristic applied for a range of ore types and that the mode 
of breakage did not affect its applicability; however none had explicitly investigated the effect of a 
wide range of breakage energies.  
2.4.1 Ore Texture 
  
Mineral liberation is dependent on the texture of mineral phases of the ore (Berube and Marchand, 
1984; Vizcarra, 2010). Ore texture refers to grain size distribution and mineral association. Berube 
and Marchand (1984) emphasized that mineral liberation could vary within the same ore body 
because of variation in texture. 
 
Petruk (2000) stated that ore breakage and mineral liberations are mainly influenced by the sizes of 
mineral grains and the bonding between the grains. And all textural characteristics, including 
crystallinity, grain boundary relations, grain orientations, fractures, veinlets, and many more have 
influence on processing ores and materials. Mineral grains that are strongly bonded will result in 
poorer liberation compared to mineral grains that are weakly bonded for an ore comminuted to the 
same particle size distribution. Petruk (2000) also stated that size reduction of pieces composed of 
strongly bonded minerals occurs by random breakage during comminution as opposed to weakly 
bonded minerals which have a tendency to break preferentially along grain boundaries.  
 
According to Malvik (1988), the internal and external properties of the individual grains determine 
the comminution properties of rocks and ores which produce liberated minerals for a mineral 
separation process. Internal and external properties include the hardness of the minerals and their 
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ability to separate into smaller particles, and mineral texture, respectively. Mineral texture 
encompasses all the following: size and shape of the grains, grain bonding and the nature of the 
boundaries, orientated structures, and recrystallization and formation of secondary minerals. Malvik 
(1988) reported that regularly shaped grains liberate more easily than grains with irregular and 
sutured borders, since breakage occurs more easily along regular and straight grain boundaries. 
Also, he demonstrated how recrystallization of fine grained seams of feldspar along grain 
boundaries in a nepheline syenite will make the rock stronger and harder to crush.  
The importance of the ore texture and breakage relationship in predicting liberation behaviour was 
expressed by Fandrich (1998) and Malvik (1988). Ore texture and breakage are related to each other 
and knowledge of their relationship is valuable in simply using texture characterisation to predict 
liberation behaviour, particularly for ores involving types of selective liberation. Particularly, 
Malvik (1988) concluded that there would be significant errors in the predictions of liberation 
properties of minerals when the basis is solely made on grain size measurements on rock sections, 
unless an estimation of the cohesion in the rock is performed. In addition, Ferrara et al. (1989) 
recognized that the texture of an ore influences liberation thus he used representations of different 
ore textures in his liberation model as already discussed earlier in Section 2.2.1.8.  
2.5 Modelling the product mineral distribution 
The texture-based models of mineral liberation that uses the assumption of random breakage 
described above imply that the liberation distributions can be predicted from the ore texture. In turn, 
the distribution of minerals in the breakage products across size fractions is considered to be the 
same as the mineral content of the feed ore. However, it is widely recognised that the valuable 
components and the gangue may break at different rates. The following researchers that include 
Wiegel (2006), Weedon (1992) and Bazin et al. (2014) have tried to estimate the mineral grade of 
each size fraction of the breakage products.  
2.5.1 Wiegel (2006) Directional Coefficient 
Ronald Wiegel has undertaken an approach to solve the distribution of minerals after breakage 
problem for locked particle breakage in conjunction with his Gaudin Random Liberation Model 
(Wiegel, 2006). A linear programing (LP) was created to calculate this distribution using the total-
volume and component-volume balances in Equation 2.21 and 2.23 with the use of directional 
coefficients in Equation 2.22.  
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Equation 2.21 
∑                         
  
 
Equation 2.22 
∑           
  
 
Equation 2.23 
 
∑                     
  
 
 
Where:   
 
 
 
 
 
V(I,J) = Quantity of particles of size J, composition I 
Q(I, II, J) = Directional coefficient, going from composition I to II 
MV (I) = Mean value of a composition range I 
I = Composition index in beginning particle size range, J 
II = Composition index in next finer particle size range, J+1 
 
However, using this technique there were more directional coefficients which are unknown 
compared to linear equations. Overall, a total of 36 equations with 120 unknown directional 
coefficients to be evaluated were given for each size-reduction step.  
Then it was found that less number of unknown directional coefficients was needed to solve this 
particular series of LP problems. A pattern was also observed in the occurrence of the non-zero 
directional coefficient for the distribution relationships to be grouped. 
A tabulated calculation is shown in Wiegel (2006) that demonstrates the approach. They are results 
of a series of size-reduction steps of breakage of a particular narrow locked-particle composition 
range from one specific particle-size range to a smaller specific size range. The ore used contains 
0.25 volume fraction of values. Various simplifications in the approach were assumed such as 
constant directional coefficient that describes the retention of material in their initial composition 
ranges. The model proposed by Wiegel has been found to be challenging to apply.  
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2.5.2 Weedon (1992) L-curves 
Weedon (1992) developed an approach to represent the liberation behaviour of a particular mineral 
using a family of lines called L lines. This method is analogous to the t-curves used by Narayanan 
and Whiten (1983). It is not used to estimate the mineral grade of each size fraction of the breakage 
products, but to determine the degree of liberation of selected minerals in each product size class 
following breakage of a feed particle.  
To develop the L-curves model, ore samples from the rod mill feed at Pasminco Mine Broken Hill 
and the No 4 copper grinding circuit at Mt Isa Mines were broken using a pendulum rock breakage 
device.  The degree of liberation of the product particles were analysed using QEM*SEM. It is to be 
noted that it was the first time during his work that pendulum test was used for mineral liberation 
analysis. Only the amount of fully liberated minerals determined by QEM*SEM was considered in 
the analysis.  
The L100 parameter in the family of lines is defined as the cumulative percentage of mineral 
liberated at a size smaller than 1/100
th
 of the original rock size. This parameter could be related to 
other members of the L-parameter family (i.e. L10, L50, L125, L250, L1000) by a series of L-lines. 
Figure 2.36 shows an example of family of L-lines. Each vertical line or value of L100 represents 
the entire cumulative liberation curve that can be used to predict the cumulative proportion of total 
mineral present in the original sample which is liberated below some size of interest, after a 
particular breakage event. 
Figure 2.36 Example of family of L-lines. (From Weedon, 1992) 
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Weedon (1992) has tried to incorporate his mineral liberation model in the perfect mixing ball mill 
model to describe the breakage of particles in each size fraction. He performed it on a mineral-by-
mineral basis and by generating a mineral-specific breakage parameter. He used an assumption that 
the individual minerals broke in a similar manner to the host rock and this provided prediction of 
the size distribution of a mineral phase in the product. Then, the L-parameter concept was applied to 
predict the size-by-size degree of liberation of each mineral phase.  
2.5.3 Bazin et al. (1994) Model 
Bazin et al. (1994) has proposed a method to predict mineral distributions after breakage for 
metallurgical performances predictions as a function of fineness of grind based on plant 
observations and simple calculations. It is conducted by the combination of using empirical models 
to predict mineral distributions and the average recovery by size.  This approach was demonstrated 
using a case study of a CuPb rougher circuit.  
The following comprise the method: 
1. Prediction of the size distribution of minerals for a given particle size distribution of the feed.  
Bazin et al. (1994) observed a relationship between the plot of cumulative percent passing size 
distribution and cumulative percent passing lead distribution obtained from laboratory results and 
plant data presented in Figure 2.37.  
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Figure 2.37 Relationship between the cumulative percent passing size distribution and 
cumulative percent passing lead distribution obtained using laboratory and industrial 
grinding data. (From Bazin et al, 1994) 
By fitting a regression curve to this relationship, the size distribution of the mineral for any given 
particle size can be predicted. Equation 2.24 is a third order polynomial regression model used to 
exemplify the prediction method.  
Equation 2.24 
                  
      
  
Where: 
Cj = The ore and mineral i cumulative fraction passing size interval j. 
Cij = The mineral i cumulative passing size interval j. 
an = Estimated coefficients 
 
In addition, by using visual inspection the solids and lead size distribution in laboratory grinding 
products showed in Figure 2.38 have comparable shapes suggesting a predictable correlation.  
2. Calculation of the weight fraction of each mineral in a given size interval from the predicted size 
distribution. 
The weight fraction of each mineral in a given size interval from the predicted size distribution is 
calculated using Equation 2.25.  
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Figure 2.38 Graphs of solids and lead size distribution in laboratory grinding products (From 
Bazin et al, 1994) 
Equation 2.25 
                             
Where: 
CijF = The cumulative fraction of mineral i passing j estimated using the empirical model. 
XiF = The content of mineral i in the feed stream. 
rjF = Fraction of solids retained in size interval j in the feed 
 
3. Calculation of the proportion of mineral recovered in the concentrate   
The proportion of mineral recovered in the concentrate is calculated using Equation 2.26. 
Equation 2.26 
                   
Where: 
Rij = Average recovery of mineral i in size interval j. 
rjF = Fraction of solids retained in size interval j in the feed 
Xijf = The content of mineral i in size interval j in the feed stream 
rjc = Fraction of solids retained in size interval j in the concentrate 
Xijc = The content of mineral i in size interval j in the concentrate 
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The overall recovery can be calculated because the size and mineral distribution relationship using 
empirical models permit the grade of minerals in each size interval in the feed to be determined. 
Overall mineral recovery is the sum of proportions of mineral recoveries in each size fraction. 
2.6 Summary of Literature Review 
 Mineral liberation is the main purpose of undertaking comminution on ores prior to 
separation. 
 Development of a mineral liberation model in comminution would link comminution and 
separation models in an integrated mineral processing simulator.  
 Simplifying assumptions were applied in modelling liberation that made the calculation 
simpler, but in practice, prediction of the true value was sacrificed. 
 Random breakage is frequently assumed for simplification in texture-based liberation 
modelling, although it has been recognised that there is some degree of non-random breakage 
in ores. 
 Various texture-based mineral liberation models in comminution have been developed over 
the past years, but no standard model has been widely accepted. They are also not validated 
on a wide range of real ores. 
 There is heuristic (or ‘rule of thumb’) observed in mineral liberation in comminution that the 
degree of liberation of a mineral in a given size fraction remained almost constant through the 
grinding circuit. The heuristic is robust and applies to wide range of cases published in the 
literature for various ore types and independent of mode of breakage. 
 A number of methods to identify the presence of non-random breakage are discussed in the 
literature. 
2.7 Gaps identified in the literature 
This literature review has identified some important gaps in current knowledge: 
 The measured 3D texture has not yet been used as input to texture-based models of 
liberation. 
 None of the researchers have explicitly considered the effect of using different amount of 
breakage energies on the liberation and breakage behaviour of minerals in the broken 
product. Particularly, the effect of using different amount of breakage energies on the 
heuristic observed in mineral liberation in comminution that the degree of liberation of a 
mineral in a given size fraction remained almost constant through the grinding circuit.
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Chapter 3 Experimental Program 
3.1 Introduction 
This chapter describes the experimental program implemented in this study and the findings 
obtained from preliminary experiments.  
It details the method to measure the ore textures in three dimensions using X-ray tomography which 
are required as input in the liberation model based on random breakage. The approach used to 
validate the liberation model against actual experimental breakage tests is also presented here as the 
methods to investigate non-random breakage. The experimental program also included a 
preliminary experiment which was conducted to verify whether micro cracks would be visible in the 
X-ray tomography measurements.   
3.2 Methodology Overview 
An overview of this research project is shown in Figure 3.1. The research program is divided into 
four phases and in each phase the experiments for single ore particles and multiple ore particles 
were conducted to provide textural inputs required for the texture-based model of liberation in 
comminution. Note that the measurements on multiple particles provide textural data which are 
values representing the whole population of texture types in the multiple particle set while the 
measurements on single particles measure the textural characteristics of each particle individually. 
The measured particles were also subjected to physical breakage and this allowed the predictive 
capabilities of the liberation model based on random breakage in comminution to be assessed.  
The first phase of the research comprises sample preparation and feed ore characterization to obtain 
the ore mineralogical and textural data which are required as inputs to the JK Gaudin Random 
Liberation Model (JK-GRLM) texture based liberation in comminution model being investigated in 
this research. In the second phase of the research, random breakage of the ore is simulated using the 
JK-GRLM to generate product particles for which liberation characteristics can be estimated. In the 
third phase of the research, physical breakage tests are performed on the ore feed sample and the 
liberation characteristics of the product particles are measured. The fourth phase of the research 
compares the simulated and measured liberation results from the second and third phases to 
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determine whether the liberation model based on random breakage of ore textures will accurately 
predict the liberation distribution of breakage products. 
 
Figure 3.1 Over-all Research Plan: Phases 1-4 
 
3.3 Ore characterisation 
3.3.1 KB ore mineralogy  
For the initial method development work a gold-bearing pyrite ore from Barrick Gold Corporation’s 
Kanowna Belle (KB) operation in Western Australia was used. In the industrial processing of the 
KB ore, pyrite is recovered by flotation. The sample used was obtained from the conveyor belt 
feeding the SAG mill as part of a full plant survey.  In this work pyrite is the mineral of interest in 
the KB ore. 
 
The KB ore has relatively simple mineralogy consisting of pyrite in a silicate/carbonate matrix as 
shown in the MLA image in Figure 3.2. Table 3.1 shows how the detailed mineral suite in the KB 
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ore was condensed to four groups: silicate, pyrite, carbonate and others. Table 3.2 summarises the 
modal mineralogy for the mineral groups in the KB ore feed. 
 
Figure 3.2 MLA mineral map of typical pyrite-bearing particle sections of Kanowna Belle ore. 
 
Table 3.1 Modal mineralogy of the minerals comprising the silicates and carbonates group in 
the KB ore  
SILICATES (Wt.%) CARBONATES (Wt.%) OTHERS (Wt.%) 
Chlorite 1.45 Siderite 0.0 AuAg 0.0 Pyrrhotite 0.01 
Amphibole 0.33 Calcite 0.21 Galena 0.0 FeOxide 0.0 
Biotite 0.29 Ankerite 19.43 Arsenopyrite 0.0 Monazite 0.01 
Garnet 0.01 Dolomite 2.81 Gersdorffite 0.01 Rutile 0.12 
Zircon 0.01    Sphalerite 0.0 Illmenite 0.0 
Muscovite 18.2    Pentlandite 0.0 Chromite 0.0 
Orthoclase 2.3    Tetrahedrite 0.0 Apatite 0.28 
Albite 13.3    Chalcopyrite 0.01   
Quartz 38.7    Covellite 0.0   
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Table 3.2 Summary of modal mineralogy for the KB ore feed mineral groups 
Mineral Group Wt. % 
Pyrite  2.56 
Silicate 74.5 
Carbonate 22.4 
Others 0.44 
3.3.2 KUCC ore mineralogy  
An ore from Kennecott Utah Copper Corporation (KUCC) was selected as the second ore in this 
project to determine the rigour of the established method. It contains copper sulphide minerals, with 
chalcopyrite as the main copper mineral. As with the KB ore, the KUCC ore was sampled as part of 
a full plant survey from a conveyor belt feeding the SAG mill. An example of typical chalcopyrite-
bearing particles is presented in Figure 3.3. The minerals in the KUCC ore were condensed to 
silicate, chalcopyrite, sulphides and others. Table 3.3 provides a detailed list of the minerals which 
constitute the silicates, sulphides and others groups and their modal mineralogy. The summary of 
modal mineralogy for the mineral groups in the KUCC ore feed is provided in Table 3.4. 
 
 Figure 3.3 MLA mineral map of typical chalcopyrite-bearing particle sections of KUCC ore.  
 Riza Mariano Chapter 3 Experimental Program     72 | P a g e  
 
Table 3.3 Modal mineralogy of the minerals comprising the silicates and sulphides group in 
the KUCC ore 
SILICATES (Wt. %) SULPHIDES (Wt. %) OTHERS (Wt. %) 
Plagioclase 13.0 Chlorite 0.12 Bornite 0.06 Magnetite 0.13 
Orthoclase 54.8 Muscovite 1.2 Chalcocite 0.0 Rutile 0.24 
Quartz 15.9 Talc 0.0 Covellite 0.0 Ilmenite 0.0 
Olivine 0.14 Andradite 0.0 Tetrahedrite 0.0 Calcite 0.0 
Orthopyroxene 0.0 Grossular 0.0 Pyrite 0.85 Apatite 0.6 
Clinopyroxene 0.0 Titanite 0.0 Arsenopyrite 0.0 Other 0.05 
Amphibole 0.06   Molybdenite 0.0 Unknown 1.69 
Biotite 9.9   Galena 0.0   
 
Table 3.4 Summary of modal mineralogy for the KUCC ore feed mineral groups 
Mineral Group Wt. % 
Chalcopyrite 1.8 
Silicate 95.5 
Sulphides 0.9 
Others 1.8 
 
3.4 Phase 1: Preparation of samples for textural 
characterisation 
Phase 1 of the research comprised an ore texture characterization stage to obtain the quantitative 
textural data required as inputs for the liberation in comminution simulations. The flowchart in 
Figure 3.4 summarises the characterisation performed on the feed. Note that although both the KB 
and KUCC ores were used in the multiple particles experiment, only the KB ore was analysed in the 
single particle experiment due to time and budget constraints.  
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The ore texture was characterised using X-ray tomography to determine the following textural 
characteristics: grain size of the mineral of interest (pyrite in KB ore and chalcopyrite in KUCC 
ore), grain shape information and spatial location of grains. The total amount of each mineral in the 
multiple particle sets was determined by the grade of the ore which were estimated using MLA and 
chemical assay. The proportion of minerals in the single particles was estimated by quantifying the 
volume of the mineral grains in the particle from the X-ray tomography measurements. These 
characteristics of the unbroken feed ore samples of both multiple and single particle were required 
as inputs for the liberation model based on random breakage simulation which was tested in the 
subsequent second phase.  
X-ray tomography measurements for this project were conducted at the JKMRC using Bruker 
Skyscan 1172 (Bruker, 2016) and Xradia Versa 500 XRM (Xradia, 2016) X-ray tomography 
systems. The Skyscan 1172 is a benchtop micro-tomography system. Samples with a maximum of 
27 mm in diameter (single scan) or 50 mm in diameter (offset scan) can be detected down to 0.5 μm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.4 Phase 1: Feed ore characterization flowchart. 
A). Textural 
Characterization using X-
ray Tomography 
 Mineral identity of 
grain 
 Grain size of each 
grain 
 Grain shape 
information 
 Spatial location of 
grain 
B). Modal Mineralogy 
Unbroken Feed Ore 
Multiple Particles (random 
selection of 300 particles) 
( 
Single Particle  
Create 7mm diameter core particle. 
Classify Ore Texture  
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at highest resolution. The Xradia Versa 500 XRM is an X-ray computed tomography system 
providing high resolution 3D X-ray imaging on small and large samples. It offers a wide range of 
magnification down to less than 0.7 μm true spatial resolution.  . 
 
The detailed method to quantify the textural characteristics of the ore from X-ray tomography 
measurements required as inputs to the liberation model (i.e. mineral grain size distribution) is 
described in Evans et al. (2015). A series of image processing steps are involved to obtain 
quantitative data. The first step is reconstruction in which the raw greyscale X-ray images from the 
tomograph are processed creating a series of two-dimensional images which are slices through the 
particle. In the second stage, image analysis of the reconstructed filtered greyscale image slices is 
conducted to create three-dimensional grains from the data set and to obtain quantitative 
information from the three-dimensional image. The steps involved to complete the image analysis 
are image segmentation, image classification, three-dimensional object creation and output data 
quantification. The image is segmented into mineral grains and then the grains are classified 
according to their greyscale value. Finally, in the third stage, the two-dimensional image slices are 
put together to recreate the original three-dimensional sample with known dimensions and spatial 
locations. Dimensions, spatial location in the sample as xyz coordinates, shape, orientation, surface 
association with other grains are the quantitative descriptions which can be obtained for each grain.  
3.4.1 Sample preparation of KB ore 
3.4.1.1 Multiple particles 
The KB ore was received as coarse rocks which were stage crushed to a 100% passing size of 6.7 
mm and the -6.7 +4.75 mm size fraction taken to represent the unbroken feed ore size for the 
multiple particles experiment. The -6.7 +4.75 mm size fraction of this material were submitted for 
MLA analysis as part of a wider research project (AMIRA P90, 2011) to provide mineralogical data 
and to assist in choice of size fraction for textural characterisation. The Wightman and Evans (2014) 
graphical method that can  identify the size at which liberation of a given mineral begins using the 
particle composition distribution data for a range of size fractions was used to select the size to 
represent the feed ore. 
The quantitative ore characteristics data of the KB ore required for the simulation for multiple 
particles were available from the Case Study projects for these sponsor operations in AMIRA P9 
(AMIRA P9P, 2015). 
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3.4.1.2 Single particles 
The cylindrical shaped particles of the KB ore required for the single particle breakage tests were 
prepared using the coring drill available at the JKMRC. The diameter and height of the core used 
was determined by the particle size constraints in the X-ray tomography systems and ease of 
drilling the ore samples. To produce the desired length of the core, a rock saw was used. The ends 
of each core were polished using a polishing wheel to make the surface of the particles flat. Typical 
mini cores are presented in Figure 3.5. 
The quantitative ore characteristics data of the KB ore required for the single particle simulations 
were measured in this work.  
 
 Figure 3.5 Image of typical mini core particles. 
 
3.4.2 Sample preparation of KUCC ore 
3.4.2.1 Multiple particles 
For the multiple particles experiment, the KUCC ore is stage crushed to a 100% passing size of 4.0 
mm and the -4.0 +3.35 mm size fraction taken to represent the unbroken feed ore size. As with the 
KB ore, the -4.0 +3.35 mm size fraction of this material were submitted for MLA analysis as part of 
a wider research project (P90 report) to provide mineralogical data and to assist in choice of size 
fraction for textural characterisation. 
The quantitative ore characteristics data of the KUCC ore required for the simulation for multiple 
particles were available from the Case Study projects for these sponsor operations in AMIRA P9 
(AMIRA P9P, 2015). 
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Creation of Virtual Block  
Simulated Product Particle Composition Distribution  
Liberation Model based on Random 
Breakage Simulation  
Product particle shape: 2D – square and 
irregular shape area 3D – cube and irregular 
shape volume 
Feed Ore Characteristics Data  
 Mineral identity 
 Mineral Grain Size 
Distribution 
 Grade of the Minerals 
Data Output: Liberation by 
Volume, Surface Area and Area 
Assumption for Multiple Particles:  
 Cubic Grains 
 Random Arrangement of 
Grains 
  
3.5 Phase 2: Simulating Random Breakage 
3.5.1 Multiple particles method to generate the virtual block as input to the 
liberation model 
In the second phase as the summary of the experimental program  presented in Figure 3.6 shows, 
simulated breakage of a texture was performed using a random liberation model based on the JK 
Gaudin Random Liberation Model (JK-GRLM) approach developed by Andrusiewicz (Evans et al., 
2013). The simulation is performed using a computer program written in MATLAB and details of 
this program are discussed in Chapter 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.6 Phase 2: Simulating random breakage flowchart for multiple particles. 
 
As discussed in the review of the literature in Chapter 2.2.1.10, the JK-GRLM random liberation 
model works by first creating a virtual cubic block of ore which represents the actual ore. For 
multiple particles the following are the input data and the assumptions made in creating the virtual 
block:  
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Liberation by Surface Area 
Liberation by Volume 
Measured Texture of a single 
particle as 3D image file 
Simulated Product Particle Composition 
Distribution  
Liberation Model based on Random 
Breakage Simulation (varying product 
particle shape) 
Liberation by Area 
Input data 
 Average mineral grain size distribution and mineral grade from a number of particles 
which represents the entire population 
Assumptions 
 Mineral grains are cubic in shape; each grain is placed randomly inside the virtual 
block.  
In the JK-GRLM approach, random breakage is simulated by repeatedly sampling particle volumes 
from random locations in the virtual block using a sampling volume with a specified geometric 
shape sampler at a range of user-defined sizes to create product particles. The product particle size 
used in performing the random sampling is based on the geometric mean of the particle size classes 
used in the physical sizing of breakage products. 
The output of phase 2 is a simulated product particle composition distribution in terms of liberation 
by volume (3D), by cross-sectional area (2D) and by surface area at a range of particle sizes.   
3.5.2 Single particle method as measured texture input to the liberation model 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Phase 2: Simulating random breakage flowchart for single particles. 
In the updated approach developed in this research the JK-GRLM was extended to allow the 
measured texture of a single particle to be used as the virtual block. The MATLAB program 
developed in this research reads the greyscale value in the slices of the reconstructed images 
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obtained from X-ray tomography measurement of the single particle to create a virtual block for 
that particle. In turn, the extended JK-GRLM model breaks this virtual block representing the actual 
ore texture and composition of the particle being analysed to produce product particles. This is in 
contrast to the original JK-GRLM approach which uses a defined grain size distribution, assumes 
cubic grains and distributes grains randomly to create the virtual block. This adaptation of the JK-
GRLM was an important step forward in the move towards practical simulation of realistic ore 
textures. 
Simulation of random breakage of the measured texture of the single particle is achieved as in the 
original JK-GRLM by Andrusiewicz (Evans et al., 2013) by sampling particle volumes at random 
locations in the ore texture volume with a specified shape sampler at a range of user-defined 
product particle sizes. The output is a simulated product particle composition distribution for each 
individual parent particle texture in terms of liberation by volume, area and surface area at a range 
of particle sizes. 
Refer to Sections 4.2 and 4.3 for the detailed descriptions of the original and extended JK-GRLM. 
A summary of the differences between the original and extended JK-GRLM is also presented in 
Table 4.1. 
3.6 Phase 3: Physical Breakage Test 
3.6.1 Multiple particles breakage tests 
The third phase of this research is the physical breakage test that is conducted to generate measured 
particle composition distribution which can be compared to the simulated particle data from the JK-
GRLM. This comparison provides an indication of this model’s applicability in producing reliable 
estimates of liberation data. The steps undertaken in this phase of the research are shown in Figure 
3.8. Breakage of the ore samples by impact breakage was undertaken using the JK Rotary Breakage 
Tester (JK-RBT) (Shi et al., 2009) at the JKMRC. Impact breakage was chosen as the breakage 
method as it is one of the major modes of breakage in comminution devices.  
 Riza Mariano Chapter 3 Experimental Program     79 | P a g e  
 
 
Figure 3.8 Phase 3: Physical breakage test flowchart for multiple particles. 
The JK-RBT (Shi et al., 2009) was used to break ore particles at the chosen energy inputs.  The JK-
RBT consists of a rotary feeder, a rotor-stator impacting device with its drive system, and an 
operation control unit as shown in Figure 3.9. In this device particle breakage is caused by a particle 
impacting against a stator due to the kinetic energy gained while spinning in the rotor. The 
following are the characteristics of the JK-RBT used in this research: the maximum particle 
diameter that it can treat is 45mm; the specific impact energy range is 0.001 kWh/t to 3.8 kWh/t, 
irrespective of particle size (Shi and Kojovic, 2011). 
The chosen energy levels were 2.5 kWh/t (termed High), 1.0 kWh/t (termed Medium), and 0.1 
kWh/t (termed Low).  The 0.1 to 1.0 kWh/t encompass the range of energies typically encountered 
in industrial mills. The 2.5 kWh/t was included to test the outcome of the experiment at higher 
energy. The amount of feed used for each JK-RBT test was 145 g. 
Physical Breakage test using 
different energy levels in JK-
RBT 
Feed Ore Sample  
3 Breakage Energy Levels 
 High (2.5 kWh/t) 
 Medium (1.0 kWh/t) 
 Low (0.1 kWh/t) 
Particle Sizing 
Analysis 
1. -2.8/+1.18mm 
2. -1.18/+850mm 
3. -850/+600µm 
4. -600/+425µm 
5. -425/+300µm 
6. -300/+212µm 
7. -212/+150µm 
8. -150/+106µm 
9. -106/+75 µm 
10.-75/ +53µm 
11.-53/+38µm 
12.-38 
Estimate error in measurements 
Measured Product Particle Composition 
Distribution  
Product Particle 
Characterization using: 
 MLA (2D) 
 Tomography (3D) 
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The breakage products were screened into the √2 sieve series indicated in Figure 3.8. 
Representative subsamples were split from each size fraction using a rotary sample divider and 
were submitted for assay and to be characterised using the FEI Mineral Liberation Analyser (MLA) 
at the JKMRC. The FEI MLA is an SEM-based automated mineralogy system widely used to 
provide quantitative process mineralogical data (Gu, 2003). It provides the liberation information 
from measurement made on 2D polished sections. The MLA XBSE measurement mode was used to 
measure the polished blocks. The quantitative data from MLA analysis of each block was generated 
using the MLA Dataview software. 
The results of these analyses provide a measured product particle composition distribution for 
comparison with the simulated product particle composition distribution generated in Phase 2. To 
allow comparison of results to be performed on a statistical basis, the error in the measurements was 
estimated on the measured product particle composition distribution 
3.6.2 Single particle breakage tests 
The approach used to perform the physical breakage test of the single particles was to conduct a 
preliminary trial first, followed by the main experiment to make certain that the set parameters are 
achievable. 
3.6.2.1 Preliminary experimental method development for single particle tests 
A preliminary experiment was conducted to test the feasibility of the proposed methodology shown 
in Figure 3.10, specifically to verify whether cracks would be visible in the X-ray tomography 
measurements.   
Figure 3.9 The internal and external features of an industrialized JK-RBT. (From (Shi and 
Kojovic, 2011)) 
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Crack propagation 
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Identify ore texture groups  
Single Particle Texture Groups  
Single Particle 
Sample  
 
The objective of this work is to identify possible non-random breakage occurrences by using X-ray 
tomography to observe crack propagation in the ore sample being broken.  The breakage test was 
conducted using a small-scale drop weight tester at the JKMRC shown in Figure 3.11. The Drop 
Weight Tester (DWT) is an impact breakage device which works by dropping a weight from a 
known height into the particle resting on a hard surface (Napier-Munn et al., 2005).   
Figure 3.11 Mini Drop Weight Tester at JKMRC  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Phase 3: Physical breakage test flowchart for single particles.  
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The Bruker Skyscan 1172 X-ray tomography system was used to perform the X-ray tomography 
measurement. The samples were measured one particle at a time and the longest dimension of each 
particle is positioned upright in the measurement chamber.  After the X-ray image acquisition, 
images were processed using the Skyscan proprietary software package NRecon. The raw images 
underwent reconstruction where a series of images which show slices through the particle were 
created.  
3.6.2.1.1 Single particle sample size selection 
Cylindrical mini cores (as shown in Figure 3.5) were used in the single particle experiments because 
of the need for a regular particle shape for breakage tests and the straightforwardness of creating the 
core-shaped particles using the coring drill at the JKMRC. The selection of the drill core size to be 
used throughout the experiment was influenced by practical limitations particularly the size of 
particle which can be measured at the required high resolution in the X-ray tomography equipment 
and also by the ease of drilling. The height of the core is set to be the same as the diameter. The 
mini drill core diameter sizes which were tested are 3 mm, 4 mm and 7 mm.   
Table 3.5 shows the resulting properties of the three particle diameters measured in X-ray 
tomography. As can be seen, the resolution of the image (i.e. image pixel size) increases as the 
particle diameter decreases and the duration that it takes to measure the particle needs to be 
considered as well. The 7 mm diameter mini core was selected for analysis as it can be measured at 
sufficiently high resolution in the tomography and it is a practical size to drill. 
Table 3.5 Properties of measured particles with the following sizes in mm: 3, 4 and 7 in 
Bruker Skyscan 1172 X-ray Tomography. 
Details 3 mm 4 mm 7 mm 
Image Pixel Size (um) 2.62 2.79 4.19 
Scan duration (h:mm:ss) 3:31:45 00:44:10 00:49:40 
Result Image Width (pixels) 2000 2000 2000 
Result Image Height (pixels) 2000 2000 2000 
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3.6.2.1.2 Developing a method to classify ore texture 
Shadow X-ray radiograph images of the nine core particles of KB ore presented in Figure 3.12 were 
obtained. These images were used to develop a methodology to classify ore texture with the 
objective of allocating the mini core particles into groups with similar textures. 
Ore textures were classified to create a statistically sound number of broken particles per size 
fraction and to generate the measured liberation spectrum of the KB mini core particles. The 
technique to obtain the ore texture information for the development stage to classify ore texture 
needed to be quick and easy given that there were numerous mini core particles needed to be 
measured.  For this reason, 2D shadow X-ray radiograph images of the KB mini core samples were 
obtained instead of the full 3D images. There could be possible bias that may arise when analysing 
data from 2D images that include overlapping grain image. In the process of weighing the 
advantages and disadvantages of using the 2D images in this work, it was decided that 2D shadow 
X-ray radiograph images would still provide the necessary information that fits the purpose of this 
work and they are useful if they work well.  
 
 
Figure 3.12 Shadow images of KB cylindrical particles 
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A commercial image analysis software package Trimble eCognition (Trimble, 2016) was used to 
perform image analysis on the shadow images of KB mini cores. This software is applicable to 
characterise mineral grain images by performing segmentation, classification, and quantification.  
Figure 3.13 shows an example of a segmented and classified 2D shadow image wherein the 
coloured grains are pyrite which is the mineral of interest in the KB mini core particles.  
Analyses of the classified mini core images were performed. The data obtained were the projected 
area of each pyrite grain and overall projected area of the matrix.  Based on this, three textural 
groups were created. The scheme to group them was as follows: 
1. The proportion of mineral of interest in the classified 2D image of the mini core particles 
was calculated. A threshold value was set to create three groups namely high, mid and low 
mineral grade.  
2. Within each of the three groups, the mini core particles were further categorized in terms of 
the mineral grain size distribution calculated from the classified image.  
 
 
Figure 3.13 Classified 2D shadow image of KB particle. Coloured grains are pyrite.  
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3.6.2.1.3 Creating groups of single particle samples with similar texture 
A total of 49 mini core particles of KB ore were taken for shadow imaging and processed for image 
analysis. The shadow X-ray radiograph images of these KB mini core samples are shown in 
Appendix A. 
 They were grouped into three according to pyrite grade and each grade class were further divided 
into two groups according to pyrite grain size distribution.  
The following are the three groups of the mini core particles based on the visible amount of pyrite 
in the shadow image:  
1. Group 1: High grade containing at least 18% of pyrite by area. 
2. Group 2: Mid-grade with 10 to 18% amount of pyrite by area. 
3. Group 3: Low grade containing less than 10% amount of pyrite by area.  
 
From the total number of 49 mini core particles measured for the KB ore the number of samples 
which were grouped into High, Mid and Low grade classes were 13, 19 and 17 samples 
respectively. Figure 3.14 presents the size distribution of pyrite grains in each sample per group in 
terms of the number of grains.  
Ten mini core particles per group were randomly selected from each of the three grade class groups 
as final samples to undergo a full X-ray tomography measurement and then, impact breakage. Table 
3.6 lists the 10 samples selected from each group to be used in the main experiment. Two mini 
cores from each group were selected to undergo cyclic breakage to observe crack propagation and 
remaining 8 samples in each group were broken to create product particles whose particle 
composition distributions could be measured. 
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Figure 3.14 Size distributions of pyrite grains in each sample, identified by ‘Sample ID” per 
texture group (Group 1 to 3). 
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Table 3.6 Samples selected for breakage testing from each group of ore textures. 
No. 
Group 1 
High 
Group 2 
Mid 
Group 3 
Low 
Sample ID Sample ID Sample ID 
1 6 4 43 
2 9 48 50 
3 5 32 52 
4 29 2 41 
5 31 30 38 
6 3 16 36 
7 7 51 47 
8 8 17 45 
9 15 18 35 
10 20 13 49 
 
3.6.2.1.4 Development of method to investigate crack propagation 
The mini DWT set at 0.04 kWh/t input energy was initially used to initiate cracks in the 7 mm 
diameter and height mini core KB particles. Then, each mini core was analysed using X-ray 
tomography measurements to observe the crack propagation in the particle after first impact. The 
resulting greyscale image is shown in Figure 3.15. The minerals constituting the KB particles such 
as pyrite, carbonates and silicates phases can be distinguished visually in the greyscale image 
(Evans et. al, 2015). However, it can be difficult to distinguish visually the individual carbonate and 
silicate minerals within those mineral groups. The brightest grains in the grayscale image were 
pyrite followed by carbonates and the least bright representing the matrix of the particle were 
silicates.  Crack propagation as a result of impact is visible in the 2D image slice presented in 
Figure 3.16. This demonstrates the feasibility of the proposed method to verify whether cracks after 
impact would be visible in the X-ray tomography measurements. Further experiments were 
conducted to investigate crack propagation and these are described in the following section.    
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Figure 3.15 Grayscale image of 7mm diameter KB particle measured in X-ray Tomography. 
Bright grains are pyrite. 
  
Figure 3.16 A 2D slice of the 7mm diameter KB particle measured in X-ray Tomography 
showing visible crack propagation. Bright grains are pyrite. 
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3.6.2.2 Main experimental method – single particle experiments 
After the preliminary test to determine the feasibility of the proposed methodology, it was decided 
to use the Short Impact Load Cell (SILC) at the JKMRC in the main experiment to extend the 
information which can be determined using this equipment, since it is a combination of the drop-
weight tester and the Hopkinson pressure bar. Tavares (2004) summarized the following 
information that the SILC measures from investigating single particles: particle stiffness and size-
dependent particle fracture energies, single-particle breakage function and increasing weakening 
that particles experience after repetitive impact.  
A high speed camera was used to view in slow motion the impact breakage of the ball to the mini 
core particles. Figure 3.17 shows the SILC apparatus used in this work. 
 
Figure 3.17 SILC setup with high speed camera 
 
A study was conducted to determine the input energy levels to be used in the SILC tests to examine 
crack propagation and to generate broken material for which the product particle composition 
distribution can be measured. The energy required to observe crack propagation is defined as the 
energy which will not cause the sample to break into pieces while the energy needed to generate the 
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broken product is defined as the energy level at which the sample should break after first impact. In 
the initial experiment, to investigate crack propagation the energy used was 0.07 kWh/t as a result 
of the following parameters: ball mass = 535.35g and drop height = 40mm.  A total of 20 of the 7 
mm diameter cylindrical mini cores of KB ore were subjected to the SILC impact. They were 
broken in an upright position that the ball will hit the flat face of the cylinder. It is recognized that 
other orientations can be used such as the cylinder is in a horizontal position that the ball will hit the 
body, but only one can be selected due to time and budget constraints. Single particle impact tests 
have showed that as particle size decreases the higher fracture energy is required (King and 
Bourgeois, 1993; Tavares and King, 1998). This explained why the finer the particles demanded 
greater energy for comminution. The selection of breakage energy used in the SILC experiment was 
led by that principle because mini cores of 7 mm in diameter and height were used.  
Figure 3.18 shows the number of samples which were broken into pieces and the number of impacts 
required to break them. It can be observed that 3 out of 20 samples did not break at all after seven 
impacts of 0.07 kWh/t. As a result of the initial tests, it was decided to use 0.05 kWh/t, an energy 
level less than 0.07 kWh/t so that the cylindrical samples do not break immediately and crack 
propagation can be observed. 
 
 
Figure 3.18 Number of samples which were broken into pieces after certain number of 
impacts using SILC at 0.05 kWh/t 
The energy used in SILC to generate broken particles for the measurement of product particle 
composition distribution was 0.1 kWh/t, since in the initial crack propagation tests conducted at 
0.07 kWh/t, 40% of the particles failed at first impact at this energy. This choice of higher energy 
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would increase this probability of breakage. The use of 0.1 kWh/t input energy also allows the 
results to be compared with the study of liberation behaviour of multiple particles broken using JK-
RBT at the same energy level. 
In the main experiment, each mini core particle was submitted for X-ray tomography measurement 
before and after impact. These measurements were performed using the Xradia Versa 500 XRM X-
ray computed tomography system installed at the JKMRC. This provides higher resolution and 
quality 3D images compared to Skyscan 1172 results.  
3.6.2.2.1 Main methodology for single particle breakage test 
Figure 3.19 shows the detailed methodology to perform the single particle breakage test. 
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Subset A 
Cyclic Impact Breakage 
Test using SILC at 0.05 
kWh/t  
Crack 
propagation 
examination 
using X-ray 
Tomography  
Obtain a shadow image of each of the single particle   
Product particles 
characterization using X-ray 
Tomography 
Measured Product Particle 
Composition Distribution 
Drill and polish at least 60 core particles of      
7 mm in diameter  
Use shadow image to group the particles based on their texture  
For each texture group, perform 
the following methods: 
Impact Breakage Test 
using SILC at 0.1 kWh/t  
Before breakage randomly selected single particles were characterized using X-ray Tomography 
Subset B 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19 Detailed methodology of single particle breakage test. 
 
3.6.2.2.2 Versa 500 XRM tomography measurements of the KB mini core samples  
Four mini core samples from each texture group identified in the preliminary experiment (Section 
3.6.2.1.3) were fully measured using the Versa 500 XRM tomography system as shown in Table 
3.7. Only 12 KB mini core samples were measured because of time and budget constraints. 
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Table 3.7 The 12 KB mini core samples selected for each group of ore textures which were 
fully measured using the Versa 500 XRM tomography system 
No. 
Group 1 Group 2 Group 3 
Sample ID Sample ID Sample ID 
1 31 48 50 
2 3 30 47 
3 15 18 35 
4 9 32 41 
 
The details of X-ray image acquisition parameters of these 12 KB mini core samples are shown in 
Table 3.8. All the settings in the image acquisition and reconstruction were held constant across the 
12 KB mini core particles to ensure consistent results. 
Table 3.8 X-ray image acquisition parameters of the KB mini core samples using the Versa 
500 XRM system 
Voltage(kV) 60 
Current 83 
Image Width 1000 
Image Height 1024 
Pixel Size in Image (μm) 7.64 
Magnification 0.4 
 
After the 12 mini core samples of KB ore had been subjected to impact breakage, the breakage 
products were measured also using Versa 500 XRM tomography system. Table 3.9 shows the 
details of X-ray image acquisition parameters used to measure the broken product particles of the 
12 KB mini core breakage products. Note that it was necessary to divide the breakage products into 
coarse and fine particles fractions to obtain sufficiently high measurement resolution particularly for 
the fine particles. Visual selection was used to determine whether the broken particles would be 
classified into the coarse or fine group. To ensure that results are consistent across samples, the 
image acquisition parameters were held constant across all the 12 KB mini core breakage products.  
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Table 3.9 X-ray image acquisition parameters for measurement of the breakage products of 
KB mini core samples. 
Parameters Coarse Fine 
Voltage (kV) 60 60 
Current 51 52 
Image Width 1004 988 
Image Height 1024 1010 
Pixel Size in Image (μm) 7.64 3.71 
Magnification 0.4 3.98 
 
3.6.2.2.3 Quantifying the textural characteristics from the tomography measurements of KB mini 
core samples  
The results of the Versa 500 XRM tomography measurements were received as raw greyscale X-ray 
images. A series of two-dimensional images were created which are slices through the particle 
using ImageJ (ImageJ, 2016) by saving the raw file as image sequences. ImageJ is an open source 
program for image processing of scientific multi-dimensional images. Image filtering was also 
conducted to sharpen the quality of the images and to reduce the noise using Avizo Fire software 
(FEI, 2016). Avizo Fire is commercial image analysis software used to process 3D imaging data.  
The eCognition software was used to perform the image analysis, particularly the segmentation and 
classification steps. In the study of Evans et al. (2015) on KB ore, in comparison with MLA 
analyses of the particles the pyrite, carbonates and silicates phases can be distinguished visually in 
the greyscale image. The example of the classified mineral phases that can be seen in the KB ore 
measured using X-ray tomography is shown in Figure 3.20.  
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Figure 3.20  Example of the mineral phase that can be seen in the KB ore using X-ray 
Tomography  (From Evans et. al (2015)) 
The last steps in the image analysis are to create three-dimensional objects and output quantitative 
data and these steps were performed by developing a series of MATLAB programs.   
The following quantitative information was obtained from the three-dimensional images of 
breakage products to calculate the measured product particle composition distribution: 
1. Particle Data: volume of each particle 
2. Grain Data: mineral identity of the grains (i.e. pyrite, carbonate and silicates), volume of 
each mineral grain 
3.7 Phase 4: Comparison of measured and simulated breakage 
products 
In phase 4 of this research, the results obtained in phases 2 and 3 in the form of simulated and 
measured product particle composition distribution were compared to determine whether the 
simulated results were significantly different from the measured values.  
3.7.1 Development of a methodology to estimate the error in liberation 
distribution measurements 
To assist in comparing the measured and simulated particle composition distributions, a method 
was developed to estimate the error in the liberation distribution measurements based on bootstrap 
resampling. The bootstrap resampling method used in this work follows the standard approach to 
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bootstrap resampling with replacement (Efron, 1987). The approach takes the original total 
population of measured particles in each size fraction and randomly samples N particles from this 
population in a bootstrap resampling with replacement. This random sampling process is repeated 
M times to produce M subsets of particle composition distribution data. The detailed procedure to 
estimate the error in liberation distribution measurements based on bootstrap resampling is 
described in the published paper of Mariano and Evans (2015). 
3.7.2 Method to test significance of differences between the measured and 
simulated particle composition distributions 
The method employed to compare the simulated and measured particle composition distribution 
was based on a statistical approach using bootstrap resampling (Efron, 1987). The following is the 
procedure used (Napier-Munn, 2015): 
1. Take the 1000 bootstrapped values of the measured and simulated particle composition 
distribution per size fraction and composition class. 
2. Calculate the difference between the pairs of these bootstrapped values. 
3. Compute the mean and standard deviation of these 1000 differences and calculate the P-
values of this distribution to determine the probability when the null hypothesis is true. The 
equation used to calculate the P-value is shown in Equation 6.1.   
4. Conduct a hypothesis test. Use a two-sided test to determine whether the null hypothesis is 
true at the specified confidence level.  
5. The null hypothesis is that there is no difference, i.e. the difference is zero. Or else, there is a 
significant difference.   
This approach was also used to test of significance among the measured particle composition 
distribution as a result of using different breakage energies.  
3.7.3 Investigating types of non-random breakage 
An investigation of the types of non-random breakage was conducted, where it is found that there is 
a discrepancy between the measured and simulated particle composition distribution. The six types 
of non-random breakage which may occur are described by King and Schneider’s (1998a). Three 
types of non-random breakage namely phase-boundary breakage, boundary-region fracture and 
preferential breakage can be identified if they are present, since the available data from MLA and/or 
X-ray tomography results can be utilized to do this. Specifically, to investigate phase-boundary 
breakage and boundary-region fracture the Phase Specific Interfacial Area (PSIA) can be computed 
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and mineral grain size vs. particle size analysis can be performed. Preferential breakage can be 
detected by measuring a size by size mineral assay, with the premise that if one of the minerals 
fractures preferentially it will result in a higher proportion of the mineral in the finer sizes after the 
breakage event. 
It is suggested that by comparing the mechanical properties of minerals selective breakage can also 
be identified. Liberation by detachment and differential breakage are types of non-random breakage 
which cannot be identified, since it is only theoretically possible and it depends on measurement on 
different grades of feed ore which is not included in the scope of this project, respectively. 
3.7.3.1 MLA and X-ray Tomography results to analyse non-random breakage 
Mineral liberation analysis (MLA) and X-ray tomography measurements are used to investigate 
non-random breakage types such as phase-boundary breakage, boundary-region fracture and 
preferential breakage.  
3.7.3.1.1 Phase Specific Interfacial Area (PSIA) calculation 
The calculated parameter Phase Specific Interfacial Area (PSIA) is used to detect phase boundary 
breakage and/or boundary region fracture by comparing the feed and total product interfacial areas. 
A net reduction in interfacial surface denotes the presence of interfacial breakage. A graph 
containing PSIA vs. particle size is constructed. A constant PSIA across different particle sizes 
indicates random breakage and decreasing PSIA with particle size indicates non-random breakage. 
The PSIA of a specific mineral is calculated using Equation 3.1: (Vizcarra, 2010) 
Equation 3.1 
                 
                         
                   
 
The amount of locked perimeter of a mineral is found in the Mineral Association table, and the area 
and perimeter of mineral grains are in the Grain Properties table of MLA Dataview.  
3.7.3.1.2 Assessing changes in grain size with particle size  
To investigate phase boundary breakage and/or boundary region fracture, mineral grain size is 
compared to particle size. When the mineral grain size does not change as particle size decreases 
and this trend is maintained until the particle size equals the grain size, it indicates that fracture 
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planes do not pass through the mineral grains. Hence, non-random breakage - specifically phase 
boundary breakage and/or boundary region fracture - could be taking place.  
The particle size which will be considered in this analysis is the geometric mean of the particle size 
fractions sent to MLA and mineral size is the weighted average of the percentage retained size of 
the mineral found in the Mineral Grain Size Distribution data (i.e. the definition of the grain size 
used is the maximum diameter of the grain) from MLA.  
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CHAPTER 4 Predicting the Mineral 
Liberation of Breakage Products Using the 
Extended JK-GRLM 
 
4.1 Introduction 
This chapter describes the original JK Gaudin Random Liberation Model (JK-GRLM) (Evans et al., 
2013) and the extensions developed in this research, and addresses the first hypothesis of this thesis 
that a liberation model based on random breakage of ore textures measured using X-ray tomography 
will accurately predict the volumetric and cross-sectional area liberation distribution of products of 
impact breakage. The Kanowna Belle (KB) ore is used to test the hypothesis and the chapter 
includes a description of the textural characteristics of KB ore which are used as inputs in the JK-
GRLM and presents the results of the breakage/liberation simulation.  
4.2 The original JK-GRLM Approach 
As discussed in Section 3.5, the JK-GRLM, a mineral texture-based model of mineral liberation 
assuming random breakage was used in this study. The original version of the JK-GRLM which 
was developed and programed by Michal Andrusiewicz (Evans et al., 2013) creates a three-
dimensional “virtual block” of ore by placing cubic mineral grains of user-defined size (i.e. grain 
size measured from multiple ore particles) at random locations in the volume of the block that 
represents the mineral texture. The completed virtual block contains the mineral grain size 
distributions and mineral composition as defined by the user. The mineral grain size distribution 
and the amount of each of these minerals contained in the ore are the only data input required in the 
JK-GRLM. The grain size distribution of the minerals in the ore is measured using X-ray 
tomography and it typically represents the average grain size distribution of a population of 
particles. For example, in the case of the KB ore the grain size distribution used in previous work 
was the average from a population of 316 particles.  
A cubic random breakage pattern is simulated on the virtual block by randomly placing a three-
dimensional sampling volume of defined size inside the virtual block as a product particle. In this 
original version of the JK-GRLM, the three-dimensional sampling volume is a cube or a rectangular 
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prism. This sampling process is repeated many times with replacement to create a population of 
product particles of known size and quantifiable composition. Note that “with replacement’ means 
the sampled value is returned to the population before the next sampling is conducted. The 
information for the product particles can be expressed as a particle density distribution or as particle 
composition distribution.  The following particle composition distribution types are generated by 
the simulation: by volume (3D), by surface area (3D), by cross-sectional area (2D) and by perimeter 
(2D). 
4.2.1 JK-GRLM approach as a MATLAB program 
The original version of the JK-GRLM developed by Michal Andrusiewicz was programmed in 
Visual Basic and in this research it was re-coded in MATLAB to make extension of the model to 
use actual measured texture as a data input possible. The extended JK-GRLM offers the flexibility 
to use as input data the measured texture of ores which does not require the assumptions about the 
grain size of the minerals, cubic grains or the random distribution of each grain inside the virtual 
block. Note that the extended version can also replicate all of the input features of the original JK-
GRLM. The program has been written in a form which can be run on super computers to reduce the 
processing time if required. 
The simulated product particle composition distributions generated using the original JK-GRLM 
written in Visual Basic and extended JK-GRLM program written in MATLAB were compared to 
determine that the results of the new program were consistent with those of the original. The virtual 
block containing the characteristics of multiple particles of KB ore with the assumptions of cubic 
grains placed at random locations in the volume of the block was used to perform the random 
breakage simulation with each version of the JK-GRLM in turn. Figure 4.1 presents the absolute 
differences observed in the values of product particle composition distribution of pyrite simulations 
conducted using the extended and original JK-GRLM programs. 
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Figure 4.1 Absolute differences observed in the values of product particle composition 
distribution of pyrite simulations conducted using the extended and original JK-GRLM 
programs. 
 
Minor differences were observed between the product particle composition distribution of pyrite 
results for the extended and original JK-GRLM programs. These are attributed to differences in the 
positions of the grains when the virtual blocks were created in the two programs, since one of the 
assumptions used in the original JK-GRLM for multiple particles is to place each grain in a random 
location within the virtual block. It is expected that these differences would reduce if the virtual 
block simulation could be repeated 1000 times. However, this repetition is not practical due to the 
extended time that it takes to run this on a computer with a limited capacity (e.g. at least 2 days on a 
desktop PC with installed memory (RAM) 16.0 GB).  
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4.2.2 Validating the extended JK-GRLM program using the published data of 
Wiegel (1976) 
The extended JK-GRLM program was validated using experimental and model simulation values 
from Wiegel (1976). Wiegel (1976) conducted magnetic separation tests using Davis tube on size 
fractions of samples from the magnetic portion of taconite ore from the Benson mine located in Star 
Lake, New York. He compared this actual data to the simulation results of his liberation model, 
which the JK-GRLM approach is based on. The liberation model assumed aligned, same sized cubic 
grains of two randomly scattered minerals which are broken into same sized cubic particles by a 
fracture-lattice imposed parallel to the mineral grain-lattice. According to Wiegel (1976), the 
parameters used in the simulation program were as follows: head grade of 23.3% magnetite by 
volume and 1200 µm grain size.  
Figure 4.2 shows the virtual block used to simulate random breakage based on the original JK-
GRLM as a MATLAB program containing the parameters set by Wiegel (1976). The simulation 
results in terms of the average amount of magnetite (% volume) per size fraction in the product 
particles containing magnetite is compared to Wiegel’s (1976) published results to assess whether 
the MATLAB code performs as expected.  
 
Figure 4.2 JK-GRLM virtual block of an ore sample from Benson Mine containing a head 
grade of 23.3% magnetite by volume and 1200 µm grain size 
Note: Different colour 
cubes are used to make 
differentiation of grains 
easier.  
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The comparison of results shown in Figure 4.3 indicates that the MATLAB code of the extended 
JK-GRLM generates comparable liberation results with Wiegel (1976) experimental and model 
prediction values. Therefore, this test validates the capability of the extended JK-GRLM to predict 
the liberation distribution of minerals that it can be employed as such.  
 
Figure 4.3 Comparison of liberation distribution of magnetite results of the JK-GRLM 
simulation, and Wiegel’s experiment and model prediction 
4.2.3 Investigating the effect of using different dimensional sampling on the 
simulated particle composition distribution 
The original JK-GRLM generates product particles by randomly sampling the virtual block using a 
cube with a range of sizes. The characteristics of the product particles were calculated and stored as 
liberation data for the particular ore texture. 
In this work, the breakage pattern was extended to include line, area and volume samplers so that 
their effect on the simulated liberation distribution can be determined. In the investigation, line (1D) 
and square (2D) sampler particle shapes are used in addition to cube (3D).  
Figure 4.4 shows the simulated liberation distribution for pyrite for the 1D, 2D and 3D samplers. It 
presents the liberation data for each pyrite composition class (i.e. ranging from 0 to 100% with a 
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10% interval) for each proportion of liberated pyrite as a function of particle size, as a function of 
different product particle dimensions to sample the virtual block of KB ore. The virtual block 
representing the characteristics of multiple particles of KB ore was used to perform the simulation 
in MATLAB. 
The results in Figure 4.4 show that as would be expected there were significant differences between 
the liberation distributions as a result of using line, square (plane) and cube (volume) product 
particle shapes. The most notable differences were found among the proportions of pyrite in the 
most- and least-liberated particle classes (i.e. 90-100% and 0-10%). For the 90-100% liberation 
class, the amount of pyrite was greatest as sampled using a line followed by plane and volume.  
This is due to stereological bias which results in an over-estimation of the amount of liberated 
mineral in 1D and 2D estimate from 3D which has been observed by a number of researchers 
including Leigh et al., (1996), Fandrich et al., (1998) and Spencer and Sutherland (2011). 
The following investigation is in line with Gay’s (1999) work and comparable conclusions have 
been found. He used masks to simulate breakage on a texture by providing an outline of particle 
shapes to be superimposed on a texture. He concluded that liberation distribution results for planar 
intercepts has a better correspondence with the volumetric liberation distribution compared to the 
linear intercepts. 
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Figure 4.4 Simulated distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-
60%, 60-70%, 70-80%, 80-90% and 90-100% composition class per size as a result of using 
using different dimensional sampling on the simulated particle composition distribution. 
(continued..) 
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 Figure 4.4 continued. 
 
4.3 Extending the JK-GRLM  
4.3.1 Using a fully measured texture as the virtual block 
In order to investigate whether the original JK-GRLM does predict mineral liberation accurately, 
the original version of the JK-GRLM was extended to use a fully measured texture of a single 
particle as the virtual block. Since the inaccuracy of the predicted values is postulated to be due to 
the fact that the original JK-GRLM uses a defined average grain size distribution, assumes cubic 
grains and distributes grains randomly rather than in the same spatial arrangement and actual grain 
shape like the measured ore as its feed in the breakage simulation. 
A computer program was created in MATLAB to execute the random breakage simulation of a 
measured texture to assess the liberation during comminution. The program takes the measured ore 
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texture, reading the mineral grain information (i.e. grain size, location, shape) directly from the X-
ray tomography images. This removes the need for average grain size distribution data to be 
estimated from the images, and overcomes any potential errors introduced as a result of difficulties 
defining the “size” of irregular grains or assuming that all grains are cubes. Note that the extended 
JK-GRLM provides the opportunity to explore the effect of ore texture on breakage. The aim here is 
not to reduce the regular use of JK-GRLM to simulating the breakage of single particles’ texture as 
this would reduce the representivity of the texture. The methodology to quantify the simulated 
particle composition distribution based on random breakage of a measured texture obtained from a 
single particle of KB ore is as follows: 
1. Using a MATLAB program, the X-ray Tomography image of KB ore is segmented 
and classified. The objective is to identify the grains, the mineral of interest in this case is 
pyrite. To crosscheck the procedure performed in MATLAB, the processed image of the 
texture block has been compared visually to the original texture in the segmented and 
classified image in the Avizo Fire image analysis software as shown in Figure 4.5. 
 
 
 
Figure 4.5 Image segmentation and classification of X-ray Tomography image of KB ore 
using Avizo and MATLAB script. 
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2. The processed image in MATLAB of the single particle of KB ore represents the 
measured 3D texture of pyrite which forms the virtual block of ore for random liberation 
simulations.  
3. Breakage of the virtual block of ore is simulated in the same way as the original JK-
GRLM by Andrusiewicz (Evans et al., 2013). Product particles are generated by random 
sampling of the virtual block using a sampler size chosen according to the required product 
particle size.  
4. The simulated particle composition distribution of pyrite in the product particles is 
estimated in terms of liberation by volume, by cross-sectional area and by surface area at a 
range of particle sizes. 
Table 4.1 provides a summary of how the extended JK-GRLM developed as part of this research 
differs from the original JK-GRLM.  
4.3.2 Using a real particle shape as the 3D sampling volume 
In the original JK-GRLM simulation of random breakage, cubic shape samplers are routinely used. 
In this research, the JK-GRLM has been extended to allow the three-dimensional sampling volume 
to be shapes which are consistent with the shape of physical product particles. This aims to 
represent as closely as possible the actual shape of product particles during physical breakage, 
recognising that particle shape can vary between ores.  
The three-dimensional real particle shapes samplers were generated by measuring actual product 
particles using X-ray tomography. The JK-GRLM program in MATLAB was modified to allow the 
user to sample the virtual block using these three-dimensional real particle shapes. Figure 4.6 shows 
the three-dimensional real particle shape samplers which are typically irregular in shape for the -850 
+600 µm, -600 +425 µm,  -425 +300 µm, -300 +212 µm, -212 +150 µm, -150 +106 µm, -106 
+75µm,  -75 +53 µm and -53 +38 µm size fractions. The volume of the three-dimensional sampler 
that represents the volume of the particle size fraction is chosen to be consistent with the geometric 
mean volume of the particle size fraction.  
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Figure 4.6 Photos of the three-dimensional real particle shape samplers used in simulating 
random breakage. (continued..) 
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Figure 4.6 continued. 
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Table 4.1 Summary of the differences between the original and extended JK-GRLM 
programs. 
 Original JK-GRLM Extended JK-GRLM 
Developer and 
Programming 
Language 
Developed and programmed by 
Michal Andrusiewicz (Evans et al., 
2013) in Visual Basic.  
Re-coded the original JK-GRLM in 
this work by Riza Mariano in 
MATLAB to make extensions of the 
model.  
Input Data 3D  “virtual block” of ore by placing 
cubic mineral grains of user-defined 
size (i.e. grain size measured from 
multiple ore particles) at random 
locations in the volume of the block 
that represents the mineral texture. 
 Measured texture of ores which 
does not require the assumptions about 
the grain size of the minerals, cubic 
grains or the random distribution of 
each grain inside the virtual block. 
 It can also accept the input 
features of the original JK-GRLM 
Breakage Pattern  A cubic random breakage 
pattern is simulated on the virtual 
block by randomly placing a three-
dimensional sampling volume of 
defined size inside the virtual block 
as a product particle. 
 The three-dimensional 
sampling volume is a cube or a 
rectangular prism.  
 
The same as the original JK-GRLM 
but the three-dimensional sampling 
volume can be a real (typically 
irregular) particle shape in addition to 
a cube or a rectangular prism. 
 
Output Data Information for the product particles 
can be expressed as particle 
composition distribution with the 
following types generated by the 
simulation: by volume (3D), by 
surface area (3D), by cross-sectional 
area (2D) and by perimeter (2D) and 
by density. 
The same as the original JK-GRLM. 
 
4.4 Textural characteristics of KB mini core samples 
Twelve KB mini core samples were measured using X-ray tomography to provide inputs for the 
extended JK-GRLM simulation. Only 12 KB mini core samples were measured because of time and 
budget constraints. The textural characteristics quantified from the three-dimensional grains 
identified in the image analysis stage are the following: mineral identity of the grains (i.e. pyrite, 
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carbonate and silicates), volume of each grain, spatial location of grains in x, y, z coordinates and 
grain orientation. These characteristics were measured for each of the twelve KB mini core 
particles.  
4.4.1 Mineral composition of the KB mini core samples 
Based on the grayscale images of the KB ore samples from the X-ray tomography measurements, 
only three minerals groups can be discriminated accurately by their grayscale levels namely the 
pyrite, carbonates (ankerite, dolomite) and silicates (quartz, muscovite, albite). The volumetric 
grades of the twelve KB mini core particles were estimated for these three mineral groups. The 
mineral proportions were estimated by adding all the volumes of the pyrite, carbonate and silicate 
grains in the measured tomography data relative to the actual volume of the mini core particle. 
Table 4.2 shows the grade of pyrite for each mini core sample and their overall modal mineralogy is 
presented in Figure 4.7.  
Table 4.2 Amount of pyrite in each KB mini core sample 
Sample ID 
Pyrite Grade 
(Vol%) 
3 1.6 
9 1.3 
15 1.1 
18 1.4 
30 0.5 
31 3.5 
32 2.1 
35 0.5 
41 0.1 
47 0.7 
48 1.4 
50 0.1 
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Figure 4.7  Modal mineralogy of the KB mini core particles. 
4.4.2 Pyrite grain size distribution in the KB mini core samples 
Figures 4.9 to 4.20 present the pyrite grain size distribution in terms of volumetric percent and the 
number of pyrite grains together with the 3D images of pyrite grains in each sample. The 
description of grain size used is the length of the volume of a cube that fits the volume of the grain 
as demonstrated in Figure 4.8. This is a suitable descriptor of grain size for pyrite since pyrite grains 
are generally cubic or euhedral form.  
Having the capability to look at the 3D images allows qualitative assessment of ore texture to be 
conducted visually. Videos of the samples which illustrate their texture are found in a DVD in the 
Appendix B. 
 
 
 
 
 
 
 
 
 
Figure 4.8 Illustration of the description of grain size used to measure the size of pyrite grains. It 
shows the volume of a cube that fits the volume of a pyrite grain, and the length of the cube’s 
volume is used as the description of grain size.   
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Figure 4.9 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S3 KB mini core sample.  
 
 
Figure 4.10 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S9 KB mini core sample. 
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Figure 4.12 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S18 KB mini core sample. 
 
Figure 4.11 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S15 KB mini core sample.  
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Figure 4.14 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S31 KB mini core sample. 
 
Figure 4.13 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S30 KB mini core sample. 
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Figure 4.16 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S35 KB mini core sample. 
 
 
Figure 4.15 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S32 KB mini core sample. 
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Figure 4.18 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S47 KB mini core sample. 
 
Figure 4.17 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S41 KB mini core sample. 
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Figure 4.20 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S50 KB mini core sample. 
 
Figure 4.19 Pyrite grain size distribution (GSD Vol%), number of pyrite grains and the three-
dimensional images of pyrite grains in the S48 KB mini core sample. 
 Riza Mariano Chapter 4 Predicting the mineral liberation…     120 | P a g e  
 
4.4.3 Observations on the textural characteristics of KB mini core particles  
An interesting feature of the data can be observed in Figure 4.21 which shows the plot of P80 of the 
pyrite grain size distribution and the grade of pyrite of the KB ore mini core particles. It can be 
observed that ore containing the highest mineral grade does not necessarily have the coarsest 
mineral grain size. This remark contradicts a widely-held belief in the mineral processing industry 
that the higher the grade of an ore the coarser is its grain size.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21 Plot of P80 of the pyrite grain size distribution and grade of pyrite of the KB ore 
mini core particles measured using X-ray tomography. 
 
4.4.4 Classifying ore textures using data measured in 3D 
Initially the twelve KB mini core samples were grouped according to the characteristics quantified 
using 2D shadow images as detailed in Chapter 3. Given that these samples were already fully 
measured using X-ray tomography and detailed textural characteristics measured in 3D were 
already available, a new classification scheme based on the volumetric data was tested and 
comparisons were made to determine whether the initial texture group still applies. 
4.4.4.1 Classification according to pyrite grade 
Figure 4.22 shows the bar chart of the grade of pyrite of the twelve KB mini core samples.  
 Riza Mariano Chapter 4 Predicting the mineral liberation…     121 | P a g e  
 
 
Figure 4.22 Bar chart of pyrite grade of the KB mini core samples.  
 
Table 4.3 shows the groupings created for the twelve KB mini core samples based on the pyrite 
grade, classification. Group 1 contains the samples with the highest amount of pyrite followed by 
Group 2, Group 3 and Group 4. 
Table 4.3 The grouping of the twelve KB mini core samples based on volumetric pyrite grade. 
Group 1 Group 2 Group 3 Group 4 
Sample 
ID 
Sample 
ID 
Sample 
ID 
Sample 
ID 
31 3 47 50 
32 18 30 41 
 48 35  
 9   
 15   
4.4.4.2 Classification according to 3D pyrite grain size distribution 
The pyrite grain size distribution for all the twelve KB mini core samples is shown in Figure 4.23 
plotted as a cumulative wt.% passing size graph. The data were also fitted to the Rosin-Rammler 
size distribution presented in Figure 4.24 to assist in analysing the pyrite grain size distribution.  
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Figure 4.23 Cumulative percent passing pyrite grain size distribution of the KB mini core 
samples.  
 
Using the analyses employed and by visually examining the size distribution curves, the twelve 
mini cores were classified into four groups with similar characteristics. Table 4.4 presents the 
classification based on pyrite grain size distribution.  
 
Figure 4.24 Pyrite grain size distribution of the KB mini core samples as Rosin-Rammler size 
distribution. 
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Table 4.4  The grouping of the twelve KB mini core samples based on 3D pyrite grain size 
distribution. 
Group 1 Group 2 Group 3 Group 4 
Sample 
ID 
Sample 
ID 
Sample 
ID 
Sample 
ID 
3 9 48 50 
18 30 32 41 
15 35   
47 31   
 
The pyrite grain size distribution graph for each group is presented in Figure 4.25. The KB mini 
core samples with the coarsest pyrite grain size distribution are included in Group 1 followed by 
Group 2 and Group 3. Group 4 contains the samples with a different pyrite grain size distribution 
relative to the other groups.  
4.4.4.3 Comparison of classification results from 2D and 3D data 
It is apparent that the grouping made based on the 2D shadow images of the KB ore mini core is not 
the same as that from detailed 3D data. The  2D shadow X-ray radiograph images of the KB mini 
core samples were used because they are quick and easy to obtain given that there were numerous 
 
 Figure 4.25 KB mini core samples grouping based on pyrite grain size distribution. 
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mini core particles needed to be measured and they are useful if they work well. A significant 
difference on the number of pyrite grains visible in the shadow images compared to the full 
measurements as shown in Figure 4.26 may have caused the variance in the classification based on 
pyrite grade and pyrite grain size distribution. It can be observed that some pyrite grains were 
hidden behind the bigger pyrite grains where the 2D shadow images were taken. Bias arises when 
analysing data from 2D images. The degree of detail of shadow images due to fast scan duration of 
25 seconds may have also resulted in the significant difference on the evident number of pyrite 
grains between the shadow images and full measurements of the KB mini core samples.  
Figure 4.26 Examples of KB mini core measurements as shadow images in 2D and full 
measurements in 3D. Note that only a snapshot of the full measurements in 3D is shown and the 
rotating video of the full measurements is found in a DVD (Appendix B). 
The classification made on this section is further discussed in Chapter 5.2.3.   
Sample 41 Sample 3 
Sample 18 
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The outcome of the comparison between the classification results from 2D and 3D data also 
demonstrated the prevalent bias occurring when 3D structures are studied based on 2D views. 
Stereological corrections need to be applied to rectify the difference in the results or 3D 
measurements used to avoid stereological bias entirely. 
However, the use of three dimensional data from X-ray tomographic measurements is not fully 
developed at the time of writing and posts some limitations as shown in this work. Evans et al. 
(2012) has published that at JKMRC the FEI MLA system is used as a complementary tool to 
provide the accurate mineralogical identification in ores measured using X-ray tomography. It 
demonstrates the relationship between the use of the 3D X-ray tomography and the 2D MLA, and 
the challenges encountered in identifying the minerals in greyscale X-ray tomography images. 
4.5 Comparison of the liberation results from the original and 
extended version of the JK-GRLM  
4.5.1 Comparison of the liberation results from using the measured texture and 
the original JK-GRLM virtual block 
The data from actual measured textures of a single particle of KB ore were extracted as a pyrite 
grain size distribution and converted into a virtual block following the approach of the original 
version of JK-GRLM. Simulating breakage of the measured texture and the virtual block allows 
comparison of the liberation distribution results obtained using the measured texture of an ore and 
the virtual block generated using the JK-GRLM assumptions of estimated grain size distribution, 
cubic grains and random location of grains.  
4.5.1.1 Input data to generate the JK-GRLM virtual block 
The mini core sample used for this investigation is S31. It is one of the twelve KB mini core 
samples characterized in Section 4.4 above which is 7 mm in both diameter and height. A 1.4 GB 
virtual block (1010 by 1030 by 1330 voxels) was created where the voxel size is the same as the X-
ray tomography measurements of the mini core sample. The 1.4 GB virtual block contains 3.48 % 
pyrite by volume, the grade of pyrite in the actual mini core sample. In the X-ray tomography data, 
each pixel was 7.64 µm in size.  The pyrite grain size distribution (Vol.%) data used to generate the 
JK-GRLM virtual block of S31 is the same as the measured texture in the actual mini core sample 
as presented in Figure 4.27. The line graph showing the cumulative percent passing grain size 
distribution of the measured texture and the JK-GRLM virtual block overlaps indicating similarity 
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of the information used. Table 4.5 details the pyrite grain size distribution used to create the 1.4 GB 
virtual block representing mini core S31. The distribution of grain size (Vol. %) was based on the 
volume of a cubic grain.  
 
Figure 4.27 The grain size distribution data used to generate the JK-GRLM virtual block of 
S31 is the same as the measured texture. 
Table 4.5 Details of the pyrite grain size distribution of S31 used to create a 1.4 GB virtual 
block 
Grain Size (µm) 
Grain Size in 
Pixel 
Distribution of 
the Grain Sizes 
(Vol %) 
Number of 
grains in the 
virtual block 
600 79 3.23 3 
425 56 0.00 - 
300 39 15.08 120 
212 28 35.65 803 
150 20 25.17 1,601 
106 14 9.54 1,720 
75 10 5.21 2,652 
53 7 3.22 4,644 
38 5 1.80 7,028 
27 4 0.83 9,045 
19 2 0.24 7,472 
13 2 0.04 3,641 
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4.5.1.2 Comparison of the simulated liberation results from using the measured texture and 
the JK-GRLM virtual block  
Breakage simulations were performed on S31 by taking random samples of the measured texture 
and virtual block of JK-GRLM using a cubic shape sampler and the results of the two simulations 
are compared in Figure 4.28. The results obtained using the measured texture and the virtual block 
generated from the JK-GRLM are presented in terms of volumetric liberation distributions. 
Figure 4.28 Liberation distributions of S31 by taking random samples on the measured texture and 
virtual block of JK GRLM using a cubic sampler. (continued..) 
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Figure 4.28 continued. 
 
The results presented in Figure 4.28 indicate close agreement between the volumetric simulated 
particle composition distribution results when using the measured texture and the virtual block of 
the original JK-GRLM. There are minor differences observed in the pyrite present in the finer 
particles below 75 μm (i.e. slightly less liberated) and coarser particles above 300 μm (i.e. slightly 
more liberated) when obtained from the virtual block of the original JK-GRLM compared to the 
measured texture. The differences observed can be attributed to the assumptions used to create the 
virtual block of the JK-GRLM, primarily how the grain size is populated in the virtual block. A 
range of grain sizes and grain shapes are found in the measured texture, but they are condensed into 
limited values of sizes and assumed to be cubic in the original JK-GRLM virtual block.  
To further investigate the differences between the simulated liberation distribution from the 
measured texture and the virtual block of JK-GRLM, the results were presented as a liberation 
spectrum (Wiegel, 2006). The liberation spectrum shows the plot of the average grade of mineral of 
interest in particles containing the mineral of interest in each particle size fraction. In this case the 
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liberation spectrum is presented as the pyrite grade of pyrite-bearing particles. The liberation 
spectra of S31 from taking random samples on the measured texture and the virtual block of JK-
GRLM using a cubic shape sampler are compared in Figure 4.29. The average pyrite grade of 
particles containing pyrite in each particle size fraction from simulating random sampling on the 
measured texture and virtual block of the original JK-GRLM overlaps indicating that the liberation 
results are comparable.  
 
Figure 4.29 Liberation spectrum of S31 by taking random samples on the measured texture 
and virtual block of the original JK-GRLM using a cubic sampler. 
 
Three further single mini cores of KB ore namely S50, S48 and S3, were investigated to determine 
whether they would exhibit the same pattern of behaviour as S31. As before, the dimensions of 
these cores were also 7 mm in both diameter and height. The data volume of the virtual block used 
is also 1.4 GB (1010 by 1030 by 1330 voxels), with each voxel 7.64 µm in size. These mini cores 
were chosen as they have a range of pyrite grades and grain size distributions as shown in Table 4.6. 
Note that the pyrite grain size distribution (Vol.%) and pyrite grade information used to generate the 
JK-GRLM virtual block of S50, S48 and S3 is the same as the measured texture in the actual mini 
core sample. 
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Table 4.6 Details of the pyrite grade and grain size distribution of S50, S48 and S3 used to 
create a 1.4 GB virtual block 
 
Sample Names S3 S48 S50 
Head grade of pyrite (Vol%) 1.6 1.40 0.10 
 
Grain Size 
(µm) 
Grain 
Size in 
Pixel 
Distribution of the Grain Sizes 
(Vol %) 
Number of grains in the virtual 
block 
S3 S48 S50 S3 S48 S50 
600 79 14.02 0 0 6 - - 
425 56 20.35 0 0 26 - - 
300 39 32.08 5.68 56.13 117 18 13 
212 28 15.04 17.51 0 156 159 - 
150 20 9.22 39.25 10.13 270 1,005 19 
106 14 4.04 23.88 8.02 335 1,732 42 
75 10 2.26 9.06 4.60 530 1,856 67 
53 7 1.47 3.22 7.35 976 1,869 305 
38 5 0.92 0.96 8.13 1,651 1,518 914 
27 4 0.43 0.35 4.20 2,158 1,539 1,317 
19 2 0.14 0.08 1.21 2,064 950 1,088 
13 2 0.02 0.01 0.23 903 466 632 
 
The liberation spectra of S50, S48 and S3 are shown in Figure 4.30. The differences in liberation 
spectra between the three mini core samples are attributed to varying pyrite grain size distributions 
and pyrite grades as detailed in the Table 4.6 above. However, it can be observed that for each of 
these three additional textures the liberation spectra from simulating random sampling on the 
measured texture and virtual block of JK-GRLM overlap indicating that the liberation results are 
comparable. 
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Figure 4.30 Liberation spectra of S3, S48 and S50 by taking random samples on the measured 
texture and virtual block of JK-GRLM using a cubic sampler. 
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From this investigation, it can be concluded that for KB ore the assumptions required to create the 
virtual block in the original JK-GRLM results in liberation distributions which are not significantly 
different from the measured texture results. The KB ore generated comparable liberation 
distributions with the two texture models, because it has simple disseminated ore texture composed 
of pyrite grains which are cubic or euhedral in shape. The results indicate that in simulating the JK-
GRLM in ores where mineral grain size distribution is easy to quantify and the grain shape can be 
assumed to be regular and uniform, the measured texture and the original JK-GRLM virtual block 
would generate comparable results.  However further work is needed to test whether the finding 
applies to other ore types, specifically those with more complex texture, where the mineral grain 
size distribution is hard to quantify for example vein textures. 
This finding also provides evidence that the pyrite grains in the matrix of KB ore used in this 
research are randomly distributed, since this is one of the assumptions made in creating the virtual 
block of JK-GRLM.  However, there is a need to conduct a case study to confirm the random spatial 
distribution of pyrite in the KB ore, since it is supported by strong evidence but not proven. 
4.5.2 Comparison of the liberation results from using the 3D real particle shapes 
and cube samplers 
The volumetric liberation distribution results of S31 were used to investigate the effect of using 
different three-dimensional sampler shapes in performing a random sampling on a measured 
texture. Figure 4.31 shows the particle composition distribution obtained using a cube and a real 
particle shape sampling volume, to generate the simulated liberation distribution of S31. It is 
important to note that the volume of the cube and the three-dimensional particle shape samplers are 
the same for each product particle size fraction, only the shapes are different. 
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Figure 4.31 Particle composition distribution from simulated breakage of S31 by taking 
random samples on the measured texture using cubic and real particle shape samplers. 
(continued…) 
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Figure 4.31 continued. 
 
The results presented in Figure 4.31 show that there are some significant differences in the 
simulated liberation distribution results of S31 in the fine size fractions as a result of using different 
shapes of samplers to take random samples on the measured texture. The liberation spectra in the 
fine size fractions of the measured mini core where the samples are obtained per size fraction also 
varies as shown in Figure 4.32. This divergence between the two sampler shapes at fine sizes may 
be because of differences in the number of pyrite grains captured by the sampler with the variance 
increasing as the size decreases. The number of pyrite grains captured by the sampler decreases as 
the sampler size decreases because there is a lesser chance for the pyrite grains to be captured given 
that a smaller sampler volume is used. This causes the variation in the liberation distribution results 
to increase as the sampler size decreases. To determine which is more suitable to use as a sampler 
shape depends on the comparison of liberation estimate to the measured as discussed in Section 
5.3.1.   
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Figure 4.32 Volumetric liberation spectrum of pyrite in the S31 mini core sample from the random 
samples obtained using different shapes of samplers. 
 
4.6 Investigating the volumetric and cross-sectional area 
liberation distribution of pyrite and silicate minerals in the KB 
ore 
In order to demonstrate that a range of data types for the liberation distribution relevant for various 
separation processes is available from the JK-GRLM approach; the liberation distribution types of 
minerals such as volumetric and areal were investigated using the S31, S3, S18 and S50 KB mini 
core samples. Silicate minerals in the KB ore were investigated together with pyrite. The product 
particles were generated by taking random samples on the fully measured textures using cubic and 
square samplers for the volumetric and areal liberation distributions, respectively. The results of this 
investigation are presented in Figure 4.33 which compares the volumetric and cross-sectional area 
liberation spectra of pyrite and silicate in the S31, S3, S18 and S50 KB mini core samples from the 
random samples obtained using cubic and square samplers. 
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Figure 4.33 Volumetric and cross-sectional area liberation spectra of pyrite and silicate in the 
S31, S3, S18 and S50 KB mini core samples from the random samples obtained using cubic and 
square samplers. 
 
The results presented in Figure 4.33 show that for all the samples examined for both the pyrite and 
silicate that the estimated amount of liberated mineral by the square is greater than the cube. This is 
consistent with the results from Section 4.2.3 and, as would be expected, shows that there is 
stereological bias which results in an over-estimation of the amount of liberated mineral in the 2D 
estimate of the true 3D liberation. The comparison of 2D vs. 3D data provides an estimate of the 
magnitude of the bias. The estimated difference in the amount of liberated mineral by the 2D and 
the 3D data is greater for the pyrite than the silicate and this is the case for the entire KB mini core 
samples tested. This is might be happening because of the significant amount of silicate in the mini 
core samples compared to the amount of pyrite that the available silicate grains have greater 
percentage to be liberated in both by 2D and 3D liberation distribution data. 
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4.7 Summary 
The original JK-GRLM approach was extended to investigate whether different adaptations would 
improve the predictive ability of the simulations based on ore textures measured by X-ray 
tomography. The following have been achieved and observed in this investigation: 
 The extended JK-GRLM program was tested to ensure that it could generate comparable 
liberation results with published experimental and model prediction values from earlier 
work in this field (Wiegel, 1976).  
 The extensions made to the original version of the JK-GRLM can replicate the results of the 
original for a given ore texture input.   
 The original JK-GRLM concept has been extended to allow measured textures and real 
particle shape samplers to be used. 
 Twelve KB mini core samples were fully measured using X-ray tomography and the 
following information were obtained: mineral identity of the grains (i.e. pyrite, carbonate 
and silicates), volume of each grain, spatial location of grains in x, y, z coordinates and grain 
orientation. 
 
4.8 Conclusions 
 For KB ore which has regular and disseminated grains, simulation of breakage of the virtual 
block using the original JK-GRLM assumptions and the measured ore texture in the 
extended JK-GRLM generated comparable simulated liberation distribution results.  
 The pyrite grains in the KB ore samples are randomly distributed in the matrix based on the 
comparisons made on the simulated liberation distribution results using the original JK-
GRLM virtual block and measured texture in the extended JK-GRLM. 
 In the KB ore samples tested, the sample containing the highest mineral grade does not 
necessarily have the coarsest mineral grain size.  
 As would be expected, it was observed that the degree of mineral liberation estimated from 
areal data is greater than that from volumetric data. This can be attributed to stereological 
bias which results in an over-estimation of the amount of liberated mineral in 2D 
approximations of 3D data. 
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CHAPTER 5 Testing the Predictive Capability 
of the Extended JK-GRLM 
5.1 Introduction 
Following on from Chapter 4, where the original JK-GRLM and its extensions to generate the 
simulated liberation distribution were described, this chapter compares the simulated results to the 
measured liberation distribution to test the predictive capability of the extended JK-GRLM. It also 
addresses the first hypothesis in this thesis that a liberation model based on random breakage of ore 
textures measured in three dimensions using X-ray tomography will accurately predict the 
volumetric and cross-sectional area liberation distributions of products of impact breakage. 
This study shows the results for the measured liberation distributions for the product particles 
created by individual breakage of the twelve 7 mm KB mini cores and compares them to the 
simulated liberation distribution obtained for each mini core using the extended JK-GRLM. The 
simulated liberation distribution of KB and KUCC ore multiple particles using the original version 
of the JK-GRLM was also assessed. Investigations of non-random breakage present in the KB ore 
are presented.  
5.2 Characteristics of the breakage products of KB mini 
cores  
Each of the twelve KB mini core particles were broken using the SILC at 0.1 kWh/t. This impact 
breakage energy was selected as a result of conducting the initial experiments detailed in Chapter 
3.6.2.2. The breakage products were submitted for X-ray tomography measurement and quantitative 
analyses were conducted on the images to measure the liberation characteristics. The technique used 
to obtain particulate data for quantitative analysis was by means of recording the spatial location per 
voxel of each identified minerals in the images that comprise the particle. Using the number of 
voxels of each minerals both the volume of each particle and the minerals constituting the particle 
can be estimated. Volumetric liberation distribution data were estimated by obtaining the 
volumetric proportion of the mineral of interest (in this case pyrite) contained in each of the 
particles.  
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5.2.1 Product particle size distribution analysis 
The particle size distribution of the product generated by breakage of each of the KB mini core 
particles are presented in Figure 5.1. These product particle size distribution results were estimated 
from the tomography measurements of KB mini core breakage products as described in Section 
3.6.2.2.3. The sizing data were reported as a square root of 2 sieve size series. 
 
Figure 5.1 Product particle size distribution of each of the KB mini core particles. 
 (continued..) 
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Figure 5.1 continued. 
 
It can be observed in Figure 5.1 that each of the KB mini core particles did not break into fine 
particle sizes as demonstrated by their coarse particle size distribution, since the impact breakage 
energy used at 0.1 kWh/t may still be low to generate more fines. Figure 5.2 presents a photograph 
of the product particles from breakage of mini core S18 which were divided into coarse and fine 
particles for the X-ray tomography measurements as mentioned in Chapter 3.6.2.2.2. The 
photograph shows that there are still big pieces of particles which did not break into fine particle 
sizes. In terms of the visual texture description of the intact 12 KB mini cores before breakage, they 
all appear to have disseminated grains which are visible in the surface. Hence, analyses using X-ray 
tomography to determine the texture of the internal grains became really essential to differentiate 
the samples.  After breakage, the products of all the 12 samples resulted in particles with various 
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shapes, but most notably with flaky appearance. All of the X-ray tomography measurements of the 
fine particle sizes were carried out at a consistent measurement parameter of 3.71 μm pixel/ voxel 
size. The finest particle sizes can be subject to error because the fine particles can be either below 
the resolution measurement or not recovered after the physical breakage test.  
 
Figure 5.2 Product particles (i.e. coarse and fine) of S18 broken using SILC at 0.1 kWh/t 
 
5.2.2 Measured liberation results 
Quantitative analyses were conducted on the X-ray tomography measurements of product particles 
from breakage of KB mini cores to estimate the liberation characteristics. The number of broken 
particles containing pyrite and the average grade of pyrite in the volume of the particles per size 
fraction of the KB mini core breakage products are shown in Table 5.1. 
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Table 5.1  Number of broken particles containing pyrite  and the average amount of pyrite in the volume of particles per size fraction  of the 
KB mini core breakage products 
Particle  
Size (μm) 
S3 
(Head Grade: 1.6 Vol%) 
S18 
(Head Grade: 1.4 Vol%) 
S15 
(Head Grade: 1.1 Vol%) 
S47 
(Head Grade: 0.7 Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade 
of Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
6700     1 0.9   
5600         
4750 1 1.3 2 1.3     
4000       2 0.5 
3350 1 0.8   1 0.9 1 0.2 
2800 2 0.9       
1180 3 1.2 4 0.8 1 1.6 2 0.7 
850 4 0.6     1 0.1 
600 2 0.3 1 7.3 2 3.5 2 0.1 
425 3 8.5 3 13.4   10 10.2 
300 7 27.6 1 0.2   5 0.4 
212   2 0.2   3 19.4 
150 3 61.5 5 0.2   4 0.9 
106 4 50.7 2 0.2   3 27.9 
75       5 18.7 
53 4 25.6 6 8.5   13 29.5 
38 14 25.1 11 19.1   28 23.3 
27 48 18.1 49 16.9 2 0.1 104 20.6 
19 9 10.8 18 10.6 7 0.9 39 13.7 
Total No. of Particles 105  104  14  222  
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Table 5.1  continued. 
 
Particle  
Size (μm) 
S31 
(Head Grade: 3.5 Vol%) 
S30 
(Head Grade: 0.5 Vol%) 
S35 
(Head Grade: 0.5 Vol%) 
S9 
(Head Grade: 1.3 Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade 
of Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
6700         
5600 1 2.5 1 0.3   1 0.9 
4750         
4000     2 0.3   
3350   2 0.4     
2800 1 2.6   1 0.4   
1180 2 2.0 2 0.9 9 0.4 1 1.7 
850 2 4.0   2 0.5 2 0.6 
600 2 1.5 1 0.1 2 0.1 5 0.2 
425 4 3.7 1 2.3 3 0.4 2 7.2 
300 4 3.9 2 1.7 1 0.1 4 14.6 
212 6 19.6       
150 8 32.6   2 0.5 4 25.0 
106 6 29.0     7 44.7 
75 6 29.3 2 29.6 1 0.2 3 48.3 
53 11 31.4 3 24.6   8 36.6 
38 25 25.5 4 32.8 8 26.4 8 27.8 
27 54 16.5 24 21.5 50 18.7 19 18.4 
19 22 12.9 5 11.2 18 11.5 9 13.1 
Total No. of Particles 154  47  99  73  
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Table 5.1  continued. 
 
Particle  
Size (μm) 
S48 
(Head Grade: 1.4 Vol%) 
S32  
(Head Grade: 2.1 Vol%) 
S50 
(Head Grade: 0.1 Vol%) 
S41 
(Head Grade: 0.1 Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade 
of Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
6700   1 1.4     
5600         
4750 1 1.2       
4000 1 1.1       
3350       2 0.1 
2800         
1180 4 0.9 1 0.9 2 1.0   
850 3 1.9 1 0.5 2 0.3   
600 3 3.1 3 1.6 1 2.7   
425 1 0.5 2 0.3 1 0.2 1 0.1 
300 5 25.9 7 7.3 5 1.6 4 0.2 
212 8 13.1 6 9.2 4 28.5 1 0.4 
150 5 43.5 3 0.4 15 39.7   
106 5 25.3 5 27.8 29 43.7   
75 7 18.1 8 21.9 26 41.1   
53 7 18.5 6 26.3 26 30.9 4 12.4 
38 8 25.5 13 17.4 29 20.7 14 22.5 
27 25 48.2 29 13.3 49 15.6 48 18.0 
19 8 28.7 6 7.2 22 10.5 18 11.2 
Total No. of Particles 91  91  211  92  
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The number of particles generated after breakage in each of the particle sizes is not sufficient to 
create a statistically sound number of broken particles per size fraction and to generate the 
measured liberation spectrum as there is only 1 particle in some particle sizes. The total number of 
broken particles per KB mini core also varies. One trend that can be observed in the data is that as 
the particle size decreases the average amount of pyrite in the particle increases.  
5.2.3 Grouping the breakage products of the KB mini core samples 
As mentioned in the previous section, the mass of particles in each size fraction of the KB mini core 
samples was not adequate for further analysis. In order to create a statistically sound number of 
broken particles per size fraction and to generate the measured liberation spectrum, the KB mini 
core particles were grouped. It was decided to group the KB mini core particles rather than 
combining the size fractions in order to obtain a thorough understanding of the liberation of 
minerals at a narrow size range. The liberation spectrum is a plot of the average amount of mineral 
of interest (in this case pyrite) in the particles which contain some mineral of interest per size 
fraction (Wiegel, 2006). It was initially intended to analyse the liberation data as a product particle 
composition distribution which shows the distribution of particles in each composition classes from 
0 to 100%. However, due to the low number of particles in composition classes in this method and 
the consequently wide confidence intervals on the data particle statistics, the liberation spectrum has 
been used as an alternative approach. 
The grouping of the product particles was made based on the grain size distribution observed in the 
intact KB mini core samples and the method used to determine the basis of this classification is 
described in the next section. 
5.2.3.1 Basis for grouping ore textures 
The twelve KB mini core particles can be classified according to pyrite grade and pyrite grain size 
distribution as shown in Section 4.4.5. However, which of these characteristics was most 
appropriate to base the classification on (i.e. pyrite grade or pyrite grain size distribution) needs to 
be assessed.   
 
The simulated liberation spectrum was used to determine which ore characteristics the classification 
should be based on because the measured liberation spectrum would be compared to it. The 
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simulated liberation spectrum of each of the samples was generated using the JK-GRLM described 
in Chapter 4.  
 
It was found that the liberation spectrum results of the KB mini core samples tend to follow closely 
the classification made based on pyrite grain size distribution compared to pyrite grade. Figures 5.3 
and 5.4 present the simulated liberation spectra of the KB mini core samples which were grouped 
according to pyrite grade and pyrite grain size distribution, respectively. In both Figures 5.3 and 5.4, 
the samples included in the same texture group have the same marker colour. According to these 
findings, the texture grouping should be based on the pyrite grain size distribution in the intact KB 
mini core samples, since the grain size distribution bands are carried through which resulted in a 
logical pattern. Previous studies of Djordjevic (2014) and Sutherland (2007) have also discussed 
that mineral grain size distributions have a significant effect on liberation distribution which aligns 
with the findings in this investigation and supports that the texture grouping should be based on the 
pyrite grain size distribution in the intact KB mini core samples. 
 
Figure 5.3 Simulated liberation spectrum of the KB mini core samples grouped according to 
pyrite grade. 
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Figure 5.4 Simulated liberation spectrum of the KB mini core samples grouped according to 
pyrite grain size distribution.  
 
It was also observed in Figure 5.4 that the KB mini core samples such as S3, S18, S47 and S15 
contained  in Group 1 with the coarsest pyrite grain size distribution has the highest amount of 
pyrite per size particle size fraction. This is followed by Group 2 containing S30, S31, S35 and S9 
and Group 3 containing S32 and S48. On the other hand, the KB mini core samples namely S50 and 
S41 contained in Group 4 with the relatively different  pyrite grain size distribution compared to the 
other groups (refer to Section 4.4.4.2) have the lowest amount of pyrite per particle size fraction. 
The trend observed in the simulated liberation spectrum is that a coarse-grained sample will be 
more liberated than a fine-grained sample. This trend is expected, since there is greater probability 
for exposure when the grain is coarser.  
 
5.2.3.2 Ore texture groups 
The measured particle data for all samples in each texture group were arithmetically combined to 
create an overall texture group sample. Table 5.2 shows for each texture group the combined 
number of broken particles in each size class and the average grade of pyrite in each size fraction of 
the KB mini core breakage products.  For ease of reference the table also lists the KB mini core 
particles included in the texture groups. 
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Table 5.2 Combined number of broken particles  and the average amount of pyrite in the particles per size fraction  of the KB mini core 
breakage products in the texture groups. 
Particle  
Size (μm) 
Group 1  
(S3, S18, S15, S47) 
Group 2  
(S9, S30, S35, S31) 
Group 3  
(S48, S32) 
Group 4 
(S50, S41) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade 
of Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
No. of 
Particles 
Containing 
Pyrite 
Pyrite Grade of 
Size Class 
(Vol%) 
6700 1 0.9   1 1.4   
5600   3 1.3     
4750 3 1.4   1 1.2   
4000 2 0.5 2 0.3 1 1.1   
3350 3 0.6 2 0.4   2 0.2 
2800 2 0.9 2 1.5     
1180 10 0.9 14 0.6 5 0.9 2 1.0 
850 5 0.5 6 1.7 4 1.6 2 0.3 
600 7 0.7 10 0.6 6 2.3 1 2.7 
425 16 10.3 10 3.2 3 0.4 2 0.1 
300 13 13.5 11 7.6 12 17.2 9 0.9 
212 5 13.6 6 19.6 14 11.6 5 22.6 
150 12 10.8 14 25.2 8 26.5 15 39.7 
106 9 29.6 13 36.5 10 26.5 29 43.7 
75 5 18.7 12 32.4 15 20.2 26 41.1 
53 23 22.8 22 32.7 13 22.4 30 28.5 
38 53 22.7 45 26.6 21 21.3 43 21.1 
27 203 18.7 147 18.3 54 30.4 97 15.2 
19 73 11.5 54 12.3 14 20.5 40 10.7 
Total No. of Particles 445  373  182  303  
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It can be seen in Table 5.2 that the number of broken particles per particle size has increased, since 
the KB mini core samples was grouped and the particles per size fraction was added together. 
However, there are still coarse particle sizes that do not contain broken particles and particle sizes 
that do not contain statistically sufficient number of broken particles.  The small number of broken 
particles available to generate the measured liberation distribution may result in wide spread of 
values.  Group 3 contains the least number of total particles measured for all the size fractions 
among the other texture groups. The trend that as the particle size decreases the average amount of 
pyrite in the particle increases is observed in the data in Table 5.2.  
5.3 Testing the predictive capability of the extended JK-
GRLM 
In order to investigate the predictive capability of the extended JK-GRLM, the measured and 
simulated liberation by volume of the product generated by breaking KB mini cores were 
compared. The number of particles present in each texture group for the measured results is not 
sufficient to generate a plausible particle composition distribution, thus the liberation spectrum is 
used to compare the measured and simulated liberation of KB mini cores.  The comparison is 
conducted for particles below 1180 μm, since coarser particles simulation require significantly more 
computing capability than was available to generate the simulated liberation distribution using the 
extended JK-GRLM. The error bars of the measured liberation spectrum were calculated using the 
bootstrapping technique as described by Mariano and Evans (2015).   
 
5.3.1 Comparison of measured and simulated liberation spectrum 
Figures 5.5, 5.6, 5.7 and 5.8 show the volumetric measured and simulated liberation results for the 
KB mini cores products for each texture groups. The simulated liberation is predicted using the 
extended JK-GRLM with two different sampler shapes namely a cube and real particle shapes.   
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Figure 5.5  Group 1 volumetric measured and simulated liberation results of pyrite in KB mini 
core samples.   
 
Figure 5.6 Group 2 volumetric measured and simulated liberation results of pyrite in KB mini 
core samples. 
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Figure 5.7 Group 3 volumetric measured and simulated liberation results of pyrite in KB mini 
core samples. 
 
Figure 5.8 Group 4 volumetric measured and simulated liberation results of pyrite in KB mini 
core samples. 
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In comparing the two simulated liberation results using a cube and real particle shape sampler, it 
can be observed from Figures 5.5 to 5.8 that in general these two sampler shapes generated 
comparable simulated liberation distribution results, the exception being differences in the fine size 
fractions. The variation at particle sizes below 75 μm is possibly due to differences in the number of 
pyrite grains captured by the sampler with the variance increasing as the size decreases. The number 
of pyrite grains decreases as the sampler size decreases, since small sampler volumes are taken that 
variation in the liberation distribution results go up. Overall the results indicate that the shape of the 
sampler used when performing random sampling using the extended JK-GRLM has no significant 
effect on the simulated liberation results.  
Comparing the volumetric simulated liberation data with the measured values for each texture 
group showed different degrees of discrepancy which determines whether the random sampling 
using the extended JK-GRLM that employs a fully measured texture to predict mineral liberation 
produces reliable estimates.  
The trend of the measured liberation distribution decreases at the fine size fractions which can be 
observed for all the graphs of the texture groups. This is not the expected behaviour, since at the 
fine size fractions the minerals visually appear the most liberated. This pattern in the data may be 
attributed to low voxel resolution measurement of the fine product particles when they were 
measured using X-ray tomography. The 3.71 μm pixel/ voxel size in the images used to measure the 
fine product particles (as discussed in Section 3.6.2.2.2) was not sufficient to quantify the pyrite 
grain and particle volume clearly. It may have resulted in indistinct boundaries of both the pyrite 
grain and particle that caused inaccurate liberation distribution results in the very fine sizes below 
100 μm. Due to time and budget constraints, the measurements were not repeated at higher 
resolution.  
There is a wide spread of values in the measured liberation distribution results as indicated by the 
error bars. This is due to the small number of broken particles available to generate the measured 
liberation distribution. Among the four texture groups, the measured liberation distribution of 
Group 3 has the most scattered results, since it contains the lowest number of total measured 
particles as shown in Table 5.2.  
The comparison of the simulated and measured results of the KB mini core samples has shown that 
12 mini core particles were not sufficient to provide the level of confidence in the data required to 
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allow successful comparison. Moreover, the measurement resolution used in the X-ray tomography 
analyses was not sufficiently high enough to resolve the liberation distribution results in the very 
fine sizes. More work is required to conclude whether the extended JK-GRLM to predict volumetric 
mineral liberation in the KB mini core samples produce reliable estimates by measuring more 
particles and using higher resolution X-ray tomography measurements.  
One other possible cause of the differences observed between simulated and measured could be the 
presence of non-random breakage because random sampling is assumed in the JK-GRLM. The 
presence of non-random breakage in pyrite present in KB ore will be investigated in the next 
section.  
5.3  Comparison of measured liberation results of KB mini 
core texture groups 
The measured liberation distribution of each texture groups of the KB mini cores is plotted in 
Figure 5.9. This shows the trend of measured liberation distribution in relation to the texture group. 
Error bands of the liberation distribution results were presented and shaded in the same colour of 
the marker used for each the texture group.  
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Figure 5.9  Volumetric measured liberation spectra of KB mini core texture groups 
It can be observed in Figure 5.9 that the measured liberation distribution of each texture group has a 
wide spread of values as indicated by the relative wide error bands. Group 1 which contains the 
samples with the coarsest pyrite grain size distribution appears to not be the most liberated among 
all the texture groups which was contrary to the simulated data as shown in Figure 5.4 which 
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showed that the KB mini core samples with the coarsest pyrite grain size distribution contained in 
Group 1 was the most fully liberated. However, Figure 5.9 shows that the error band of Group 1 in 
the measured liberation distribution overlaps with the error bands of other texture groups indicating 
it may not be significantly different from them.  
The wide spread of values for all the texture groups due to insufficient number of broken particles 
do not allow successful comparison. It is recommended that future work in this area measures more 
particles to obtain plausible conclusions about the liberation behaviour of the measured breakage 
products of the KB mini core samples in each texture groups.  
5.4 Testing the predictive capability of the original JK-GRLM 
This part of the research investigates how different impact breakage energies would affect the 
measured liberation distribution, and in turn their comparison to the simulated results from the JK-
GRLM simulation. The original version of the JK-GRLM was used to generate the simulated 
liberation distribution of pyrite in the KB ore and of chalcopyrite in the KUCC ore. These simulated 
liberation distributions are then compared to the liberation distribution of product particles 
comminuted at different impact energies and measured using MLA.  
5.4.1 Simulated product particle composition distribution of the KB and KUCC 
multiple particles 
The quantitative ore characteristics data of KB and KUCC ore required as inputs for the liberation 
model based on random breakage simulation were available from the previous KB and KUCC case 
studies in the AMIRA P9 project (AMIRA P9P, 2015). All the data used to create the virtual block 
of multiple particles of KB ore presented in this study were derived from these previous results. 
Tables 5.3 and 5.4 detail the pyrite grain size distribution of KB ore and chalcopyrite grain size 
distribution of KUCC ore used to create their respective 120 GB virtual block (3000x by 3000y by 
4000z voxels) as summarized by Andrusiewicz (2015). The overall volume composition in the 
virtual block for KB ore is 1.68% pyrite and in the virtual block for KUCC ore is 0.93% 
chalcopyrite.  Each voxel in the virtual block was 4 µm in size. Using this information, the virtual 
block was populated with number of grains of specific sizes, which were cubic in shape and 
randomly distributed inside the virtual block. 
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Table 5.3 Details of the pyrite grain size distribution of KB ore used to create a 120 GB virtual 
block (Andrusiewicz, 2015) 
Grain Size (µm) 
Grain Size in 
Pixel 
Distribution of the 
Grain Sizes (Vol %) 
Number of grains of this 
size in the virtual block 
1200 300 10 7 
850 212 30 63 
600 150 20 119 
424 106 10 169 
300 75 8 382 
212 53 6 812 
150 37 5 1,990 
106 26 4 4,588 
76 19 2 5,878 
53 13 2 18,352 
38 9 2 55,309 
20 5 1 161,280 
 
Table 5.4 Details of the chalcopyrite grain size distribution of KUCC ore used to create a 120 
GB virtual block (Andrusiewicz, 2015) 
Grain Size 
(µm) 
Grain Size in Pixel Distribution of the 
Grain Sizes (Vol %) 
Number of grains of this 
size in the virtual block 
600 150 6.172 61 
425 106 7.656 211 
300 75 10.899 856 
212 53 13.485 3,000 
150 38 14.909 9,364 
106 27 17.084 30,404 
75 19 17.675 88,805 
53 13 8.790 125,144 
38 10 2.642 102,071 
27 7 0.480 51,665 
19 5 0.092 28,480 
13 3 0.103 99,705 
9 2 0.012 35,163 
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The simulation results for breakage of the KB ore using cubic samplers, namely the distribution of 
the mineral of interest which is pyrite for the KB ore across composition classes within each particle 
size was plotted to produce the simulated product particle composition distribution shown in Figure 
5.10. The same graph was plotted for the simulation results for breakage of the KUCC ore with 
chalcopyrite as the mineral of interest presented in Figure 5.11. In this section of the research, the 
simulated product particle composition distribution is analysed in terms of liberation by cross-
sectional area. It was originally planned to use 3D X-ray tomography data but the limitation in the 
X-ray tomography measurement required that 2D data be used. Liberation by cross-sectional area is 
generated by obtaining a 2D slice in the sampler volume and estimating the mineral composition of 
the slice as area proportions.  
 
 
Figure 5.10 Simulated product particle composition distribution of KB ore as liberation by 
cross-sectional area using the original version of the JK-GRLM. 
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Figure 5.11 Simulated product particle composition distribution of KUCC ore as liberation by 
cross-sectional area using the original version of the JK-GRLM. 
 
Calculation of confidence intervals for each individual particle composition class through the 
application of a statistical approach based on bootstrap resampling described by Mariano and Evans 
(2015) was performed to allow comparison of the simulated and measured liberation distributions. 
Unlike estimating the confidence interval of measured liberation distribution where N, the number 
of particles is defined, for the simulated liberation distribution N can be any chosen value. In this 
case, the number of particles generated used in the simulation was chosen to be the same as the 
number of measured particles. As a result, Figures 5.12 and 5.13 illustrate the spread of values from 
2.5th and 97.5th percentile of the simulated composition distribution for pyrite and chalcopyrite 
(liberation by area) for each individual composition class in the 12 particle size fractions of KB and 
KUCC ore respectively. It can be observed that there is a wide spread of values for the composition 
classes in the coarse size fractions for the simulated values of KB and KUCC ores. This is a 
consequence of the low number of measured particles in the coarse size fractions because of the 
limitations in the number of particles which fit into one polished block requiring multiple blocks to 
be measured. Further details about error analysis in the particle composition distribution are 
discussed in Section 6.2.2. 
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Figure 5.12  Graph of simulated particle composition distribution for pyrite in KB ore using 
the original version of the JK-GRLM showing confidence intervals calculated from 2.5th and 
97.5th percentile for each individual composition classes 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 Graph of simulated particle composition distribution for chalcopyrite in KUCC 
ore using the original version of the JK-GRLM showing confidence intervals calculated from 
2.5th and 97.5th percentile for each individual composition classes. 
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The simulated product particle composition distribution from the original JK-GRLM output can be 
presented as liberation by volume and surface area which are shown in Figure 5.14 for the pyrite in 
KB ore and Figure 5.15 for the chalcopyrite in KUCC ore. These show the capability of the original 
JK-GRLM to generate different liberation types, however they were not further analysed and 
compared to measured liberation results because of the unavailability of corresponding measured 
data.  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 Simulated product particle composition distributions of KB ore as liberation by 
volume and surface area using the original version of the JK-GRLM. 
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Figure 5.15 Simulated product particle composition distributions of KUCC ore as liberation by 
volume and surface area using the original version of the JK-GRLM. 
 
All the liberation types generated by the JK-GRLM such as volumetric, areal and surface for the 
KB and KUCC ores follow the expected trend, with the pyrite and chalcopyrite present in coarse 
size fractions tending to occur in low-grade composites, and the pyrite and chalcopyrite present in 
finer particles tending to occur in higher grade composites or fully liberated particles.  
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5.4.2 Comparison of simulated and measured product particle composition 
distribution results 
The simulated (liberation by area) and measured product particle composition distribution measured 
by MLA for KB and KUCC ore presented in Figure 5.16 and 5.17 respectively, show two distinct 
features. Firstly, it can be observed that the simulated particle composition distribution predicted 
using the original version of the JK-GRLM does not correspond to the measured values for both the 
ores investigated. Secondly, it can be observed that the measured particle composition distributions 
per particle size and composition class as a result of using different breakage energies are not 
significantly different from one another. These observations are discussed in more detail below.  
Both the simulated and measured product particle composition distribution of pyrite in the KB ore 
in Figure 5.16 and chalcopyrite in the KUCC ore in Figure 5.17 follow the expected trend with the 
minerals present in coarse size fractions having the tendency to end up in low-grade composites and 
minerals present in finer particles having the tendency to end up in higher grade composites or fully 
liberated particles. It can be observed that at 0-10% and 90-100% particle composition classes, there 
are significant differences in the distribution of both pyrite and chalcopyrite in the simulated and 
measured values. The difference is particularly noticeable in fine particle size fractions of the 90-
100% composition class for both pyrite and chalcopyrite. Also, it can be seen  that the difference 
between the proportions of both pyrite and chalcopyrite minerals in the highly liberated class of 90-
100% is higher in the measured than in the simulated product particles. This may be due to non-
random breakage occurring in the comminution process which is not included in the simulation 
outputs, since the JK-GRLM approach is based on random breakage. 
It can also be observed in Figures 5.16 and 5.17 that the measured composition distribution for 
pyrite and chalcopyrite for each individual composition class in all the particle size fractions of the 
KB and KUCC ores comminuted using JK-RBT at 2.5, 1.0 and 0.1 kWh/t appear to be unchanging. 
This is consistent with the heuristic model or as what has been commonly called the ‘rule of thumb’ 
that the degree of liberation of a mineral in a given size fraction remained almost constant 
regardless of where in the grinding circuit the sample was collected. The effect of breakage energies 
in the liberation behaviour of minerals is discussed in detail in Chapter 6. 
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Figure 5.16 Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-
70%, 70-80%, 80-90% and 90-100% composition class per size of the product particles  
comminuted using different energy levels and measured by MLA, and simulated using the 
JK-GRLM approach as liberation by cross-sectional area. (continued…) 
Legend: 
Measured (kWh/t) 
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Figure 5.16 continued. 
 
 
Legend: 
Measured (kWh/t) 
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Figure 5.17 Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-
70%, 70-80%, 80-90% and 90-100% composition class per size of the product particles  
comminuted using different energy levels and measured by MLA, and simulated using the 
JK-GRLM approach as liberation by cross-sectional area. (continued…) 
  
Legend: 
Measured (kWh/t) 
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Figure 5.17 continued. 
 
5.5 Investigating non-random breakage in KB ore 
One potential source of the differences between the measured and simulated liberation results 
shown in Figures 5.5 to 5.8, 5.16 and 5.17 can be attributed to the fact that random breakage is used 
to simulate breakage of the ore in the JK-GRLM, whereas in reality non-random breakage is 
present. The MLA and X-ray tomography measurements used in this research provide an 
opportunity to look for evidence of non-random breakage and the results of this investigation in 
which non-random breakage in the KB ore was investigated, are described in this section. 
Legend: 
Measured (kWh/t) 
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5.6.1 Observations of possible non-random behaviour 
A previous case study by Evans et al. (2013) using KB ore was focused on the liberation of pyrite. 
Using image analysis of the pyrite grains before and after breakage, at least one type of non-random 
breakage occurring in the liberation of pyrite in the ore was detected. In particular, there was visual 
evidence of a type of non-random breakage occurring around the boundary of pyrite grains. As 
presented in Figure 5.18, this was according to the observation that the pyrite grains are regular (i.e. 
cubic or euhedral) in shape both before and after breakage. 
 
Figure 5.18 Images of pyrite grains before and after breakage. 
The images of unbroken cubic or regular shaped grains of pyrite in the feed ore on the left of Figure 
5.18 were captured in 3D using X-ray tomography. Measurements of the KB SAG mill discharge 
(on the upper right of Figure 5.18) made using the MLA, showed that liberated pyrite grains in the 
broken mill product were still cubic in shape. 
In this study, the samples were subjected to breakage in the JK-RBT and the same pattern of intact 
cubic or regular grains were observed in the MLA measurements, as shown at the lower right of 
Figure 5.18. This indicates that fracture planes do not pass through the grain; instead they are 
occurring around the boundary of pyrite grains, detaching them from the quartz/carbonate matrix.  
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Supporting evidence for this is shown in Figure 5.19 which presents the crack propagation in a 
three-dimensional classified X-ray tomography image of a 7 mm diameter core-shaped particle of 
KB ore after it has undergone a breakage test using SILC. The grey grains are pyrite and the blue 
lines are cracks in the classified image. A two-dimensional slice from the three-dimensional 
classified image is also shown in Figure 5.20.  
 
 
 
Figure 5.20 Illustration of the crack propagation in a two-dimensional slice of a KB mini core 
particle as a raw and classified image. 
Figure 5.19 Illustration of the crack propagation in a classified X-ray tomography image of a 
KB  mini core particle in 3D. The grey grains are pyrite and the blue lines are cracks. 
Top View Side View 
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                    Bright grains are pyrite. 
 
Figure 5.21 X-ray tomography image showing cracks propagating around the boundary of 
pyrite grains. 
 
It can be observed that the visible cracks are passing the pyrite grain along the grain boundary. 
There are no observed instances among the more than a thousand image slices, wherein the cracks 
are propagating across the grains of pyrite. 
Another KB mini core sample was subjected to impact breakage test to observe the crack 
propagation and the results are presented in Figure 5.21. A consistent observation has been found 
that the visible cracks are passing the pyrite grain along the grain boundary 
5.6.2  Investigation of grain boundary breakage  
The Phase Specific Interfacial Area (PSIA) of pyrite within each size fraction is a characteristic that 
can be used to detect grain boundary breakage. This is calculated by measuring the perimeter of a 
particular mineral phase that is locked with other minerals per unit area of the given phase 
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(Vizcarra, 2010). A constant PSIA across different particle sizes indicates random breakage while a 
change in PSIA with change in particle size indicates non-random breakage. 
As can be seen in Figure 5.22, the PSIA of pyrite at particle sizes larger than 1000 µm has a 
constant value of 0.15 µm
-1
. Then as the particle size decreases below 1000 µm the PSIA of pyrite 
also decreases until at 100 µm particle size the PSIA stabilises at a constant value of 0.04 µm
-1
. This 
clearly suggests that some degree of non-random breakage is occurring in the grain boundary 
breakage, a conclusion that supports the observations from images of the product particles in 
section 5.6.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22 PSIA vs. Particle Size of pyrite in KB ore. 
The average grain size of pyrite as a function of particle size was also determined as shown in 
Figure 5.23, providing an alternative method to investigate grain boundary breakage. In this case, 
grain boundary breakage could be taking place when the mineral grain size is retained as particle 
size decreases and this trend is maintained until the particle size equals the grain size, since it 
indicates that fracture planes do not pass through the grain. 
The average grain size of pyrite in each particle size fraction is calculated from the weighted 
average of the amount of mineral (Wt.%) retained per grain size fraction from Mineral Grain Size 
Distribution of the MLA Dataview software. The parameters used to generate the Mineral Grain 
Size Distribution are as follows: maximum diameter of the grain was used to define the size and the 
sieve size series used was square root of 2. In the KB ore sample the pyrite grains have a regular 
shape so the chosen measure of the grain size is appropriate. 
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The results presented in Figure 5.23 show that pyrite exhibits an almost constant grain size as 
particle size decreases until the particle size is equivalent to pyrite grain size at around 100-150 µm. 
At this point, as liberation of pyrite is achieved, the grain size is equivalent to particle size and 
decreases correspondingly with the size of particle. This is another indication that grain boundary 
breakage is happening to pyrite present in the KB ore.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 Pyrite Grain Size vs Particle Size of KB ore 
 
5.7 Conclusions 
The predictive capability of the extended JK-GRLM that employs random sampling on a fully 
measured texture to predict mineral liberation has been tested. The conclusions in this investigation 
include: 
 Cubic and real particle shape samplers generate comparable simulated liberation distribution 
results, except in the fine size fractions. The variation at particle sizes below 75 μm may be 
due to the number of pyrite grains captured by the sampler showing greater variance as the 
sampler size decreases. 
 Further work is required to conclude whether random sampling of measured ore textures 
using the extended JK-GRLM can produce reliable estimates of mineral liberation in the KB 
ore. This work would include measuring a larger population of particles and using higher 
resolution X-ray tomography measurements. 
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 The original version of the JK-GRLM used to generate the simulated liberation distribution 
does not accurately estimate the measured for the KB and KUCC ores comminuted at 
different impact energies.  
 The measured particle composition distribution in a given particle size class did not change 
with the level of impact energy applied to break the ore. This result align with the heuristic 
that the degree of liberation of a mineral in a given size fraction remained almost constant 
regardless of where in the circuit the sample was taken. Further analyses of the data have 
been conducted to test this conclusion and this is described in Chapter 6.  
 Occurrences of non-random breakage, specifically grain boundary breakage, have been 
observed in the KB ore.  
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Chapter 6 Effect of Breakage Energy in the 
Liberation Behaviour of Minerals 
6.1 Introduction 
In the literature, researchers have made observations on liberation in comminution which may be a 
useful tool for modelling the particle characteristics in mineral comminution and separation circuits. 
Berube and Marchand (1984), Manlapig et al. (1985), Wightman et al. (2008) and Vizcarra (2010) 
have observed the heuristic (also called the ‘rule of thumb’) that the degree of liberation of a 
mineral in a given size fraction remained almost constant, regardless of where in a communication 
circuit the sample was taken. This pattern was observed for various ore types and was also found to 
be independent of the mode of breakage. On this basis the heuristic model appears to be robust and 
applies to wide range of cases. However, the published research does not consider separately the 
effect of using different amounts of breakage energies on the liberation behaviour of minerals.  
This chapter investigates the effect of breakage energies on the liberation behaviour of minerals in 
more depth.  Only impact breakage applied at a range of energies is considered in this work as it is 
one of the major modes of breakage in comminution devices and it would be expected that the 
heuristic model will be valid and the liberation behaviour of ores will not be affected. The 
investigation here considers the whole particle composition distribution, the composition classes 
from 0-100% and the results are compared statistically to obtain a thorough understanding of the 
concentration of minerals. This is in contrast to the work conducted by the researchers mentioned 
above, wherein only the most liberated composition classes such as the 90-100% composition 
classes were analysed by visual comparison. It addresses the second hypothesis in this thesis that 
the applied impact breakage energy has no significant effect on the measured particle composition 
distribution used to validate the results of the JK-GRLM discussed in Chapter 5.  
This study set out to understand the effect of breakage energy levels in liberation behaviour of 
minerals using KB and KUCC ore. Three impact energy levels were used in the breakage test in the 
JK-RBT: 2.5 kWh/t (termed High), 1.0 kWh/t (termed Medium), and 0.1 kWh/t (termed Low). Size 
distribution analysis was performed on the breakage products followed by characterization of the 
size fractions using MLA. Comparisons were conducted among the breakage products generated at 
the different energy levels. The results of using KB and KUCC ores are presented. 
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6.2 Results and Discussion 
6.2.1 KB and KUCC ore measured particle composition distribution 
The liberation data from MLA measurements for pyrite in the KB ore and chalcopyrite in the 
KUCC ore comminuted using the JK-RBT at 0.1, 1.0 and 2.5 kWh/t are presented in Figures 6.1 
and 6.2, respectively. The particle composition distribution graphs present the distribution of 
mineral across the composition classes within the particle size class.  
The particle composition distribution results were obtained using the Mineral Liberation by Particle 
Composition generated in the MLA Dataview software. The mineral of interest in the KB ore is 
pyrite and KUCC ore is chalcopyrite. The distribution of pyrite in KB ore and chalcopyrite in 
KUCC ore across the particle composition classes (i.e. ranging from 0 to 100% with a 10% interval) 
was calculated for each particle size fractions: -2.8 +1.18mm, -1.18 mm +850 µm, -850 +600 µm, -
600 +425 µm,  -425 +300 µm, -300 +212 µm, -212 +150 µm, -150 +106 µm, -106 +75µm,  -75 +53 
µm, -53 +38 µm and -38 µm. As can be seen in Figure 6.1, the measured particle composition 
distributions follow the expected trend, with pyrite present in coarse size fractions tending to occur 
in low-grade composites, and the pyrite present in finer particles tending to occur in higher grade 
composites or fully liberated particles. The chalcopyrite in the KUCC ore shows the same expected 
trends as can be seen in Figure 6.2. It can also be observed that the trend of the graphs of particle 
composition distribution of pyrite and chalcopyrite for the three breakage energy levels in Figure 
6.1 and 6.2 appear similar.  
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Figure 6.1 Graphs of particle composition distribution from MLA measurements for KB ore 
comminuted using the JK-RBT at 2.5, 1.0 and 0.1 kWh/t. 
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Figure 6.2 Graphs of particle composition distribution from MLA measurements for KUCC 
ore comminuted using the JK-RBT at 2.5, 1.0 and 0.1 kWh/t. 
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6.2.2 Error analysis in particle composition distribution 
Confidence limits for the KB and KUCC ore particle composition distributions comminuted at 
different energy levels were estimated using a statistical approach based on bootstrap resampling as 
described by Mariano and Evans (2015). Error analysis is needed to allow a rigorous comparison to 
be made of the particle composition distributions which result from using different breakage energy 
levels. In such comparisons, it is essential to estimate the errors so as to determine whether any 
differences are statistically significant.  
6.2.2.1 Number of product particles measured per size fraction 
Tables 6.1 and 6.2 show the number of particles and number of polished blocks measured in the 
MLA analysis for each energy level and size fraction of the KB and KUCC ore, respectively. It can 
be observed that as the particle size increases, the number of measured particles decreases which is 
due to limitations in the number of particles which fit into one polished block requiring multiple 
blocks to be measured. Also it can be noted that there were fewer particles measured in the fine size 
fractions of 0.1 kWh/t of the KB ore compared to higher energy levels, since breaking the ore at this 
low energy resulted in very few fine particles.   
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Table 6.1 Number of product particles measured in MLA for KB ore 
Size Fractions 
Number of product particles measured Number of 
polished blocks 
measured for 
each energy level 
2.5 kWh/t 1.0 kWh/t 0.1kWh/t 
-2.8 +1.18mm 804 603 642 6 
-1.18 mm +850 µm 1482 1505 1244 4 
-850 +600 µm 5966 4616 5360 4 
-600 +425 µm 16283 13267 13595 4 
-425 +300 µm 13745 16894 14309 2 
-300 +212 µm 13180 13981 16337 1 
-212 +150 µm 24114 17926 16086 1 
-150 +106 µm 10406 15163 11737 1 
-106 +75µm 13004 14015 13196 1 
-75 +53 µm 15154 14029 13486 1 
-53 +38 µm 15918 14858 4893 1 
-38 µm 20306 20764 6347 1 
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Table 6.2 Number of product particles measured in MLA for KUCC ore 
 
The number of particle measurements needed to achieve the acceptable value for the coefficient of 
variation in the particle composition distribution results were determined by investigating the 
relationship between the coefficient of variation and the number of particles measured per mineral 
composition classes for each size fraction using the bootstrap method. This indicated whether more 
particles would need to be measured to reduce the measurement error as shown in the work of 
Mariano and Evans (2015). It works by randomly sampling all the population of particles in each 
size fraction. In each case 1000 (M) resample sets of particle composition distributions of pyrite 
Size Fractions 
Number of product particles measured Number of 
polished blocks 
measured for 
each energy level 
2.5 kWh/t 1.0 kWh/t 0.1kWh/t 
-2.8 +1.18mm 871 663 610 6 
-1.18 mm +850 µm 1992 1284 1695 5 
-850 +600 µm 4555 5053 2339 4 
-600 +425 µm 8513 9803 3051 3 
-425 +300 µm 12774 18784 5829 2 
-300 +212 µm 11634 19897 7157 2 
-212 +150 µm 17847 17504 17446 2 
-150 +106 µm 18806 14184 21936 1 
-106 +75µm 12782 15481 21376 1 
-75 +53 µm 15071 16288 21143 1 
-53 +38 µm 21446 17003 20820 1 
-38 µm 21284 20789 21192 1 
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were generated and a range of number of particles from 1000 to 25000 was used to vary the 
resample size (N). 
Figure 6.3 presents the graphs of change in coefficient of variation (COV) with increase in number 
of particles measured per pyrite composition classes for size fractions -1.18 mm +850 µm, -850 
+600 µm , -600 +425 µm,  -150 +106 µm, -106 +75µm and -53 +38 µm for the 2.5 kWh/t energy 
level of KB ore. The same graph is presented in Figure 6.4 for the change in coefficient of variation 
with increase in number of particles measured per chalcopyrite composition classes for the 2.5 
kWh/t energy level of KUCC ore. It is essential to look at the coefficient of variation values of the 
composition classes all together as the total number of particles measured is contained in these 
composition classes. For all the size fractions of KB and KUCC ore, it can be observed that as the 
number of particles increases, the coefficient of variation decreases.  
By adding more blocks to be measured in the coarse size fractions e.g. 1180  +600 µm fraction 
which has 5 blocks measured, particularly by adding another 5 blocks would only decrease the 
COV by small percentage. This is because the number of particles that would fit in the block is only 
a few. A cost-benefit analysis to decide whether extra measurements was performed. In this work, 
due to budget constraints for MLA measurements, additional particles were not analysed. 
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Figure 6.3 Graphs showing the relationship between the bootstrapped coefficient of variation for measured composition 
distribution off chalcopyrite and number of particles measured from the bootstrap resampled population. Vertical line indicates the 
number of particles measured in the MLA for the KB ore comminuted at 2.5 kWh/t 
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 Figure 6.4 Graphs showing the relationship between the bootstrapped coefficient of variation for measured composition 
distribution off chalcopyrite and number of particles measured from the bootstrap resampled population. Vertical line indicates the 
number of particles measured in the MLA for the KUCC ore comminuted at 2.5 kWh/t. 
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6.2.2.2 Estimating confidence intervals on liberation distributions 
The statistical approach based on bootstrap resampling as described by Mariano and Evans (2015) 
allows calculation of confidence intervals for each individual particle composition class. The results 
shown in Figures 6.5, 6.6, 6.7 and 6.8, 6.9, 6.10 show the confidence intervals (represented by 
spread of values from 2.5th and 97.5th percentile) of the measured composition distribution for 
pyrite and chalcopyrite for each individual composition class in the 12 particle size fractions of the 
KB and KUC ore comminuted using the JK-RBT at 0.1, 1.0 and 2.5 kWh/t, respectively. This gives 
the user the level of confidence on the measured composition distribution of pyrite and chalcopyrite 
results and is useful in assessing whether differences are statistically significant. 
It can be observed that there is a wide spread of values calculated in the bootstrapping process for 
the composition classes in the coarse size fractions for all the energy levels measured in the KB and 
KUCC ore. This is a consequence of large coefficient of variation values as demonstrated in Figures 
6.3 and 6.4 which show that as the number of particles measured decreases, the coefficient of 
variation increases.  
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Figure 6.5 Graph of measured particle composition distribution for pyrite comminuted using 
JK-RBT at 0.1 kWh/t showing confidence interval calculated from 2.5th and 97.5th percentile 
for each individual composition classes. 
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Figure 6.5 continued. 
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Figure 6.6 Graph of measured particle composition distribution for pyrite comminuted using 
JK-RBT at 1.0 kWh/t showing confidence interval calculated from 2.5th and 97.5th percentile 
for each individual composition classes. 
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Figure 6.6 continued. 
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Figure 6.7 Graph of measured particle composition distribution for pyrite comminuted using 
JK-RBT at 2.5 kWh/t showing confidence interval calculated from 2.5th and 97.5th percentile 
for each individual composition classes. 
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Figure 6.7 continued. 
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Figure 6.8 Graph of measured particle composition distribution for chalcopyrite comminuted 
using JK-RBT at 0.1 kWh/t showing confidence interval calculated from 2.5th and 97.5th 
percentile for each individual composition classes. 
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Figure 6.8 continued. 
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Figure 6.9 Graph of measured particle composition distribution for chalcopyrite comminuted 
using JK-RBT at 1.0  kWh/t showing confidence interval calculated from 2.5th and 97.5th 
percentile for each individual composition classes. 
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Figure 6.9 continued. 
 
 
 
Riza Mariano                                   Chapter 6 Effect of breakage energy…                                   194 | P a g e  
 
 
 
Figure 6.10 Graph of measured particle composition distribution for chalcopyrite 
comminuted using JK-RBT at 2.5 kWh/t showing confidence interval calculated from 2.5th 
and 97.5th percentile for each individual composition classes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Riza Mariano                                   Chapter 6 Effect of breakage energy…                                   195 | P a g e  
 
 
Figure 6.10 continued. 
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6.2.3 Comparison of product particles composition distribution at different 
breakage energy levels 
For each of the two ores, the measured particle composition distributions generated by the different 
breakage energy levels were compared statistically by means of bootstrap resampling method and 
the application of a test of significance to identify whether any differences were statistically 
significant. For the KB ore comparisons are made among the three energy levels per pyrite 
composition class (i.e. ranging from 0 to 100% with a 10% interval) as a function of particle size as 
shown in Figure 6.11. For the KUCC ore the same comparisons were made for chalcopyrite as 
presented in Figure 6.12.  
Figure 6.11 Distribution of pyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%,  60-
70%, 70-80%, 80-90% and 90-100% composition class per size of the product  particles 
comminuted using different energy levels. (continued..) 
A. 
Legend: (kWh/t) 
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Figure 6.11 continued. 
Legend: (kWh/t) 
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Figure 6.12 Distribution of chalcopyrite at 0-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-
60%,  60-70%, 70-80%, 80-90% and 90-100% composition class per size of the product 
particles comminuted using different energy levels. (continued..) 
Legend: (kWh/t) 
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Figure 6.12 continued. 
Similarity in the liberation data is observed when the points in the graph overlap. It can be observed 
that there are differences in the particle composition distribution results from the three breakage 
energy levels in the composition classes of 0-10% and 90-100% for both pyrite in the KB ore and 
chalcopyrite in the KUCC ore. These differences are most noticeable at the coarse size fractions. 
This is attributed to the greater level of uncertainty in these values due to the lower number of these 
coarse particles measured in the MLA analyses. 
An alternative way of looking at the data to determine whether there is a significant difference in 
the measured particle composition distributions as a result of using different breakage energy levels 
is to present the data per size fraction and plot it as semi-log base as shown in Figures 6.13 and 
6.14. For each size fraction, there are two liberation plots where the y-axis in terms of mineral 
distribution is presented in arithmetic and semi-logarithmic forms. In the arithmetic form of the 
mineral distribution, all the curves of the three breakage energy levels overlap concealing whether 
there are minute observable differences. The semi-log graph makes the patterns in the data appear 
clearly and the variation in the particle composition distributions is more apparent.  
Legend: 
(kWh/t) 
G. 
E. 
Legend: (kWh/t) 
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Figure 6.13 Distribution of pyrite at different composition classes per size of the 
product particles comminuted using different energy level presented in arithmetic 
(left) and semi-logarithmic (right) forms.   (continued..) 
Legend: 
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Legend: 
Figure 6.13 continued 
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Legend: 
Figure 6.13 continued. 
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Figure 6.14 Distribution of chalcopyrite at different composition classes per size of the 
product particles comminuted using different energy level presented in arithmetic (left) and 
semi-logarithmic (right) forms.   (continued..) 
Legend: 
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Legend: 
Figure 6.14 continued. 
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Legend: 
Figure 6.14 continued. 
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Figures 6.13 and 6.14 show clearly that the three curves of the breakage energy levels have the 
same trend and their values are not far apart from each other. Both of the ways of presenting the 
mineral distribution in y-axis per size fraction indicate that the amount of the mineral in a given size 
and composition class does not vary when different amount of energies are used to break the ore.  
 The results presented in Figures 6.11 to 6.14 above that the amount of impact energy applied to 
break the KB and KUCC ore does not significantly affect the distribution of pyrite and chalcopyrite 
in a given size/ composition class. However, a more rigorous approach than visual comparison 
should be applied to confirm this conclusion. The following section discusses the statistical 
approach used to compare the particle composition distribution results of using different breakage 
energy levels. 
6.2.3.1 Rigorous method of comparing particle composition distribution results 
In order to determine whether the particle composition distribution generated at different breakage 
energies are statistically significantly different, a statistical test was applied to the results. 
The method to test significance among the results used here calculates the difference between 1000 
resamples sets of particle compositions distributions for the mineral of interest for each product size 
fractions using pairs of breakage energy levels. The values of the mean and standard deviation of 
these 1000 differences between the distributions were calculated to obtain the P-value (Napier-
Munn, 2015). The expression shown in Equation 6.1 is used to calculate the P-value of the 1000 
differences distribution to determine the probability when the null hypothesis is true. The P-value 
stands for probability which can be expressed as a percentage between 0 and 100% (Napier-Munn, 
2014). 
Equation 6.1 
                          
 |                  |
                               
  
    Where:   
NORMSDIST = Probability function in Microsoft Excel that returns the normal 
distribution for the specified mean and standard deviation 
Mean = Mean of the difference of the 1000 resample sets 
Standard Deviation = Standard deviation of the difference of the 1000 resample sets 
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Comparisons were made between two energy levels at a time comparing each proportion of 
liberated pyrite in the KB ore and chalcopyrite in the KUCC ore per composition class (i.e. ranging 
from 0 to 100% with a 10% interval) as a function of particle size. The comparisons were conducted 
in pairs of energy levels because the method used here to test significance among the results can 
only compare two sets at a time. 
A hypothesis test was conducted to test the null hypothesis is that there is no difference between the 
particle composition distribution at different breakage energies, i.e. the difference is zero in the 
amount of liberation of each mineral in each size fraction as a result of using different breakage 
energy levels at the specified confidence level. Specifically a two-sided test was applied to 
determine whether the null hypothesis is true at 95% confidence level. 
Given the large amount of data being compared the most useful way to present the results of the 
comparisons is to present them as a contour plot as shown in Figures 6.15 to 6.20. The contours 
define P-value in each particle size and composition. P-values greater than 0.05 (represented by 
green shading in the plot) indicate that there is no significant difference in the particle composition 
at that size between the two energy levels. The smaller the P-value (<0.05), the more significant is 
the difference and this is displayed in the contour plot by the transition from a lighter shade of green 
to red. To summarise the colours of the contour plot signify the following results: 
Green Colour: 
 The amount of impact energy applied to break the ore does not significantly affect the distribution 
of mineral of interest across composition classes in a given size class. 
 
Red Colour: 
The amount of impact energy applied to break the ore significantly affects the distribution of 
mineral of interest across composition classes in a given size class. 
 
Figure 6.15 to 6.17 and 6.18 to 6.20 show the contour plots of P-values from the comparisons made 
between two energy levels per composition class (i.e. ranging from 0 to 100% with a 10% interval) 
as a function of particle size for pyrite in the KB ore and chalcopyrite in the KUCC ore, 
respectively. 
The areas in Figures 6.15 to 6.20 that do not contain measured particles resulted in an error in 
calculating the P-value and were shaded with gray in the contour plot to indicate the absence of 
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particles in this region. The areas shaded with gray are mostly found in the coarse size fractions and 
high composition classes. The average number of measured particles which were compared per 
composition classes and size fractions are shown within the contour plots. To simplify the amount 
of data shown on the contour plot, especially in the fine size fractions, only the mean values were 
shown. The detailed number of measured particles which were compared per composition classes 
and size fractions are presented in the Appendix C.  
  
Figure 6.15  Contour plot of P-values from the comparison of liberation distributions of KB 
ore comminuted using 2.5 and 1.0 kWh/t. 
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Figure 6.16 Contour plot of P-values from the comparison of liberation distributions of K B 
ore comminuted using 2.5 and 0.1 kWh/t. 
Figure 6.17  Contour plot of P-values from the comparison of liberation distributions of ore 
comminuted using 0.1 and 1.0 kWh/t. 
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Figure 6.18  Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 2.5 and 1.0 kWh/t.  
 
Figure 6.19 Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 2.5 and 0.1 kWh/t. 
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Figure 6.20  Contour plot of P-values from the comparison of liberation distributions of 
KUCC ore comminuted using 0.1 and 1.0 kWh/t. 
 
 
It can be observed that majority of the areas of Figures 6.15 to 6.20 are green. Therefore based on 
this test of statistical significance, it can be concluded that the amount of impact energy applied to 
break KB and KUCC ore does not significantly affect the distribution of pyrite and chalcopyrite 
across composition classes in a given size class. This finding supports the second hypothesis in this 
thesis that the amount of impact breakage energy applied has no significant effect on the degree of 
liberation of a mineral in a given size fraction, in line with the heuristic. However, as observed in 
this work and it is a common observation which has been observed in practice by many people, the 
degree of breakage in a comminution product can make substantial difference to the distribution of 
particle mass and mineral mass across the product size classes. An investigation of this aspect of the 
relationship between breakage energy and mineral liberation is discussed in the next chapter with 
the method of predicting the mineral distribution in breakage product size fractions. 
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6.3 Conclusions 
The effect of breakage energies in the liberation behaviour of minerals was investigated in detail. 
The following has been accomplished and found in this study: 
 A statistical approach based on bootstrap resampling as described by Mariano and Evans 
(2015) was used to estimate the confidence intervals of ore particle composition distribution 
measurements for each individual particle composition class to determine whether any 
differences are significant in the measured liberation results. 
 
 The number of particle measurements needed to achieve the acceptable value for the 
coefficient of variation in the particle composition distribution results was investigated to 
decide whether more particles would need to be measured to reduce the measurement error.  
 
 For the ores tested, it was found that the amount of applied impact energy does not 
significantly affect the distribution of minerals across composition classes in a given size 
class. This finding supports the second hypothesis in this thesis that the amount of impact 
breakage energy applied has no significant effect on the degree of liberation of a mineral in 
a given size fraction, in line with the heuristic. 
 
 However, the degree of breakage does make substantial difference to the distribution of 
particle mass and mineral mass across the product size classes. 
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Chapter 7 Modelling the Distribution of 
Minerals in Breakage Product Size Fraction  
7.1 Background 
It was found in Chapter 6 that the amount of impact energy applied on the KB and KUCC ores has 
no significant effect on the degree of liberation of a mineral in a given size fraction. However, it 
was observed in this work and has been observed by other researchers that the degree of breakage in 
a comminution product can make substantial difference not only to the distribution of particle mass 
but also to the distribution of mineral mass across the product size classes. Figure 7.1 shows the 
distribution of pyrite and chalcopyrite in the KB and KUCC ore across the product size fractions 
using different impact breakage energies such as 0.1, 1.0 and 2.5 kWh/t. It can be observed that 
these minerals are distributed more at the fine size fractions when subjected to higher breakage rate.  
 
Figure 7.1 KB and KUCC ores particle size distributions, and distribution of pyrite in KB ore 
and chalcopyrite in KUCC ore across the breakage product size fractions using different 
impact breakage energies.  
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A detailed distribution of particle mass and mineral mass in each particle size fraction and the 
mineral head grade of KB and KUCC ore comminuted using JK-RBT at 0.1, 1.0 and 2.5 kWh/t is 
presented in Table 7.1 and 7.2 overleaf. 
Table 7.1 Summary of the distribution of particle mass and mineral mass in each particle size 
fraction and the mineral head grade of KB ore comminuted using JK-RBT at 0.1, 1.0 and 2.5 
kWh/t. 
Ecs (kWh/t) Particle Silicates Pyrite Carbonates 
Size (μm) 0.1 1.0 2.5 0.1 1.0 2.5 0.1 1.0 2.5 0.1 1.0 2.5 
4750 60.7 4.1 0.8 61.8 4.2 0.0 59.4 4.4 0.0 57.6 3.0 0.0 
2800 26.7 21.7 6.6 25.2 22.7 6.6 23.5 18.1 5.0 31.6 16.3 7.0 
1180 7.9 35.6 27.5 8.1 35.8 27.5 7.8 33.2 20.7 7.4 35.4 29.7 
850 1.1 8.6 10.4 1.3 8.8 10.3 1.1 7.2 6.7 0.6 7.8 11.9 
600 0.8 6.9 9.6 0.9 6.9 10.2 0.9 5.9 6.4 0.5 7.2 8.2 
425 0.6 4.7 7.8 0.6 4.7 8.6 0.6 4.4 5.2 0.4 4.8 4.9 
300 0.4 3.8 6.3 0.4 3.8 7.0 0.5 3.3 4.7 0.2 3.9 3.9 
212 0.3 2.6 4.7 0.3 2.5 5.1 0.4 2.7 4.7 0.2 2.8 3.3 
150 0.2 2.1 4.2 0.2 2.0 4.4 0.5 3.1 6.5 0.2 2.5 3.1 
106 0.2 1.5 3.1 0.1 1.4 3.1 0.6 2.9 5.6 0.1 2.0 4.4 
75 0.1 1.1 2.2 0.1 1.0 2.1 0.4 2.7 4.8 0.1 1.7 2.2 
53 0.1 0.9 1.8 0.1 0.7 1.6 0.5 3.5 4.4 0.1 1.7 2.2 
38 0.1 0.8 1.2 0.1 0.6 1.0 0.4 1.9 3.2 0.1 1.5 1.6 
0 0.8 5.5 13.8 0.7 4.9 12.4 3.4 6.7 22.1 0.8 9.4 17.9 
Calculated Head Grade 73.2 83.9 77.2 2.6 2.9 3.2 23.6 12.7 18.4 
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Figure 7.2 Shadow X-ray radiograph images of approximately 5 mm in size KB ore particles 
from Evans (2016) showing the heterogeneous nature of the gangue mineralogy. 
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Table 7.2 Summary of the distribution of particle mass and mineral mass in each particle size 
fraction and the mineral head grade of KUCC ore comminuted using JK-RBT at 0.1, 1.0 and 
2.5 kWh/t. 
Ecs (kWh/t) Particle Silicates Chalcopyrite Sulphides 
Size (μm) 0.1 1.0 2.5 0.1 1.0 2.5 0.1 1.0 2.5 0.1 1.0 2.5 
3350 54.7 4.5 0.2 54.9 4.5 0.0 52.0 4.2 0.0 41.3 3.4 0.0 
2800 22.9 8.0 1.1 22.7 8.0 1.1 23.1 6.9 0.7 25.8 7.8 1.2 
1180 17.0 46.0 27.1 17.0 46.2 27.4 15.8 37.3 21.8 24.7 43.3 21.2 
850 1.3 10.0 12.9 1.3 10.1 13.1 1.3 6.8 8.1 1.8 6.5 8.6 
600 0.8 7.4 11.1 0.8 7.5 11.3 0.8 5.9 7.9 0.9 5.1 6.9 
425 0.5 4.6 8.0 0.5 4.6 8.1 0.6 3.5 4.7 0.6 3.5 4.5 
300 0.4 3.8 7.3 0.4 3.9 7.4 0.4 2.8 4.0 0.5 4.1 7.8 
212 0.3 2.6 5.2 0.3 2.6 5.2 0.4 2.9 2.9 0.4 4.6 9.1 
150 0.2 2.4 4.7 0.2 2.4 4.8 0.4 3.9 3.8 0.5 5.8 7.0 
106 0.2 1.9 4.0 0.1 1.8 3.9 0.4 3.7 5.6 0.3 4.0 9.1 
75 0.1 1.5 3.1 0.1 1.4 3.0 0.4 4.1 6.4 0.3 3.2 6.0 
53 0.1 1.3 2.8 0.1 1.2 2.7 0.2 3.6 6.6 0.1 1.9 4.6 
38 0.1 1.0 2.3 0.1 1.0 2.2 0.2 2.9 4.9 0.1 1.4 3.5 
0 1.5 5.1 10.2 1.4 4.8 9.7 4.1 11.3 22.5 2.6 5.6 10.5 
Calculated Head Grade 96.0 95.5 95.5 1.7 1.7 1.9 0.8 0.9 0.9 
 
As can be seen in Table 7.2, the head grades of carbonates and silicates in the KB ore vary across 
the three input breakage energies used and this is may be due to the texture of these gangue 
minerals in the KB ore. Figure 7.2 presents three examples of shadow X-ray radiograph images of 
approximately 5 mm in size KB ore particles from Evans (2016) which show the heterogeneous 
nature of the gangue mineralogy. Shadow X-ray radiograph images B and C show large regions of 
carbonates as opposed to image A which is a typical homogenous matrix of KB ore particles. The 
variability of the carbonate and silicate content of the particles may be one source of the variation in 
the head grade of these minerals between the sets of particles used in the tests at different breakage 
energies. 
The random breakage assumption in texture-based modelling of mineral liberation which the JK-
GRLM (Evans et al. 2013) and the other random models are based on (e.g. King (1979), Barbery 
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and Leroux (1988) and Ferrara et. al (1989)) imply that the distribution of minerals across size 
fractions is considered to be the same as the mineral content of the feed ore and the liberation 
distribution is only a function of the particle size. This is almost never the case in practice and based 
on the breakage results of KB and KUCC ore in this work. Hence, the texture sampling models of 
liberation have a major shortcoming that they do not estimate the mineral grade of each size fraction 
of the simulated product. 
Where researchers have tried to incorporate these effects, they have found that modelling the 
mineral distributions is challenging. Wiegel developed the directional coefficient approach but 
found it was challenging to apply (Wiegel, 2006). Bazin et al. (1994) haves proposed a method to 
predict mineral distributions after breakage, but it does not consider the amount of applied breakage 
energy used to generate the product particles. 
The approach described in this chapter adapts the well proven “map of relative ore breakage” due to 
Narayanan and Whiten (1983) to predict the distribution of each mineral.  
The “map of relative ore breakage” has found broad application for prediction of product size 
distributions at various degrees of breakage (Leung, 1987; Andersen, 1988) and has been extended 
in this work to the distribution of minerals across the size fractions of the product. The proposed 
method is developed and tested using the experimental data available for the KB and KUCC ores.  
7.2 Outline of Methodology 
Measuring the relative breakage map for any particular ore requires precise breakage of several size 
fractions at well-defined energies as described in Napier-Munn et al. (2005). 
In this work, the data needed to model product mineral distribution were collected from three 
breakage tests of known size feed ore particles using the JK Rotary Breakage Tester (JK-RBT). The 
JK-RBT provided very similar input energies to each particle eliminating the particle size effect of 
the JK Drop Weight Tester (JK-DWT). The breakage products were screened using a √2 sieve 
series and the amount of minerals in each size fraction was analysed using the MLA. A feed ore 
sample was also submitted for mineral assay. The experimental method is detailed in Section 3.6.1 
for the KB and KUCC ores which were used to demonstrate the application of the model.  
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The resulting product particle size distribution was measured and the mineral distribution in each 
size fraction was calculated based on the mineral data from the MLA. The results presented as the 
cumulative percent passing a √2 series of screen apertures.  
In the original application of the Narayanan and Whiten (1983) approach the t10 of the product 
particle size distribution is calculated along with the other tn values which describe the whole of the 
size distribution. The parameter t10 is defined as the cumulative percent passing one tenth of the 
geometric mean size, Y, of the feed particle. The other tn values such as t2 and t4 are similarly 
defined as the cumulative percent passing one half and one quarter of the feed particle geometric 
mean size, respectively. This concept is illustrated in Figure 7.3.  
 
Each fractional degree of breakage is then plotted against t10 to produce the breakage map as shown 
in Figure 7.4.  It can be used to predict the size distribution as a result of breakage at any specified 
energy. Each vertical line or value of t10 represents a whole of the size distribution. Therefore, for 
every estimated value of t10, other tn values can be read off.   
The mineral size distribution degree of breakage can be plotted in the same manner but the t10 
curves cannot be used because there is no well-defined top size to use as a reference for the 
definition of tn and in any case, the feed particles contain a size distribution of grains for each 
Figure 7.3 Showing the values of tn from a cumulative size distribution curve. (From Napier-
Munn et al. (1996).) 
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mineral which are broken to create the product. The challenge in extending the Narayanan and 
Whiten (1983) approach then is to identify a suitable reference to define tn. 
 
Figure 7.4 Relationship of t10 and other tn values . (From Napier-Munn et al. (1996).) 
 
The cumulative distribution of KB ore particle mass and mineral mass in each size fraction is 
presented in Figure 7.5 and the same data are presented for the major minerals in the KUCC ore in 
Figure7.6. In the KB ore the mineral suite has been condensed to silicate, pyrite and carbonates, and 
in the KUCC ore the mineral suite has been condensed to silicate, chalcopyrite and sulphides. 
Tables 3.1 and 3.3 in Section 3.3 show the minerals which constitute the silicates and carbonates 
group in the KB ore and the silicates and sulphides group in the KUCC ore, respectively. 
 
 
 
Riza Mariano                             Chapter 7 Modelling the distribution of minerals…                 220 | P a g e  
 
 
Figure 7.5 Distribution of particle mass and mineral mass (based on MLA measurements) in each 
particle size fraction of KB ore. 
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Figure 7.6 Distribution of particle mass and mineral mass(based on MLA measurements)  in each 
particle size fraction of KUCC ore. 
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As the mineral distributions in the product of each impact breakage energy level are of similar 
shape to the particle size distributions, a plausible size to scale from was selected in lieu of a feed 
size. In the same approach as the tn family of curves for rock breakage, here the Mn family of curves 
was proposed. From the shape of the distribution curves, a relative top size Mn can be estimated. 
Each mineral in the ore has its own unique Mn family of curves. For this case the parameter M600 is 
described as the cumulative percent passing the 600 μm screen aperture. It is the same with the 
other Mn values (where n= 300, 150 75, 38 etc.) for the product mineral distribution where they are 
the cumulative percent passing the 300 μm, 150 μm, 75 μm, 38 μm screen aperture. In this way, 
interpolation of values can be minimized, compared with using the concept of one parameter (t) 
family of curves to predict the product particle size distribution.  
The full product mineral distribution across the breakage product size fractions can be predicted at 
any known degree of breakage by constructing the plot of Mn versus M600 as detailed later. A 
method to choose the reference point to construct the Mn family of curves is proposed in Section 
7.4.1. In this case, M600 was chosen as the reference point because it positions the other Mn in the 
plot strategically as a family of curves. Any reasonable estimate of Mn is can be used as a reference 
point. When the minerals are much finer the reference Mn value should also be finer and vice versa.  
This approach allows the expected mineral distribution to be interpolated at any specified degree of 
breakage in the same manner as the relative breakage map at a particular t10. That is, by selecting 
the other vertical points on the curves and using spline interpolation to estimate the mineral 
distribution. 
Using the same Ecs for each case allows the degree of breakage and the estimated mineral 
distribution to be linked together. The degree of breakage and size reduction represented by t10 and 
M600 for the particle size distribution and mineral distribution respectively is calculated by using 
Equation 7.1.  
Equation 7.1 
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Where:   
 
 
 
This approach has been adapted for the minerals in the ore using the expression shown in Equation 
7.2 which relates the M600 value with the breakage energy.  
Equation 7.2 
            
(      )  
Where:   
 
 
 
Using the tn and Mn family of curves with a given t10 and M600 value, a complete particle size 
distribution and mineral distribution is predicted, expressed as cumulative weight percent passing. 
From this information, the amount of mineral per size fraction can be calculated given that the head 
grade of the feed ore is known.  
7.3 Application of the method to KB and KUCC ore samples  
The product mineral distribution model adapted from the “map of relative ore breakage” has 
provided a means of interpolation to KB and KUCC ores. As shown previously in Figures 7.5 and 
7.6, the KB ore showed similar shape for the particle mass and mineral mass distributions by size 
for a given breakage energy as does the KUCC ore. These showed a consistent pattern of behaviour 
which can be considered as a single family of curves.  
t10 = Cumulative percent passing 1/10
th
 of the initial mean particle size 
Ecs = Specific comminution energy (kWh/t) 
A and b = Ore impact breakage parameters 
M600 = Cumulative percent passing the 600 μm screen aperture 
Ecs = Specific comminution energy (kWh/t) 
A' and b' = Mineral specific parameters 
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7.3.1 Relative breakage ore map for predicting the product particle size 
distribution 
Figures 7.7 and 7.8 show the plot of tn versus breakage of index, t10 of KB and KUCC ores 
respectively. Several tn values were determined for a narrow range of interpolations resulting in 
more accurate predicted particle size distributions.  The data obtained at the three breakage energies 
used in the breakage tests are shown in each of these figures.  Figure 7.9 shows graphically the 
effect of input comminution energy, Ecs on the parameter t10 for KB and KUCC ores. The ore 
impact breakage parameters A and b are also calculated for these ores as shown in Table 7.3. It can 
be observed in Figure 7.9 that the line of KUCC ore lies below that of the KB ore indicating that it 
is harder as also suggested by the A*b values.  
 
 
Figure 7.7 Relationship of parameter tn with t10 for breakage of -5.6 +4.75 mm KB feed 
particles. 
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Figure 7.8 Relationship of parameter tn with t10 for breakage of -4.0 +3.35 mm KUCC feed 
particles  
 
Figure 7.9 Percent passing t10 versus Ecs curve for KB and KUCC ores 
 
 
 
 
Riza Mariano                             Chapter 7 Modelling the distribution of minerals…                 226 | P a g e  
 
Table 7.3 Ore impact breakage parameters for the particles of KB and KUCC ores. 
Name of Ore A b A*b 
KB 73.0 0.4 26.1 
KUCC 66.3 0.3 20.8 
 
7.3.2 Relative breakage mineral map for predicting the product mineral 
distribution 
Using the approach described in Section 7.2 the relative breakage map can be generated for each of 
the minerals considered in the KB and KUCC ores. These are discussed in the sections which 
follow. 
7.3.2.1 Mineral maps for KB ore breakage  
 
Figure 7.10 presents the Mn family of curves for pyrite, silicates and carbonates in the KB ore. 
Figure 7.11 shows graphically the effect of input comminution energy, Ecs on the parameter M600 
for pyrite, silicates and carbonates. Table 7.4 shows the A’ and b’ impact breakage parameters for 
these minerals. 
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Figure 7.10 Mn family of curves for KB ore. 
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Figure 7.11 Percent passing M600 versus Ecs curve for KB ore. 
 
Table 7.4 Ore impact breakage parameters for the minerals in KB ore. 
KB Ore Minerals A' b' A'*b' 
Pyrite 95.3 0.4 39.0 
Silicates 95.5 0.3 24.6 
Carbonates 46.0 1.0 44.9 
 
7.3.2.2 Mineral map for KUCC ore breakage 
The Mn family of curves for chalcopyrite, silicates and sulphides of KUCC ore are presented in 
Figure 7.12. Figure 7.13 shows graphically the effect of input comminution energy, Ecs on the 
parameter M600 for chalcopyrite, silicates and sulphides. Table 7.5 shows the A’ and b’ impact 
breakage parameters for these minerals.  
 
 
Riza Mariano                             Chapter 7 Modelling the distribution of minerals…                 229 | P a g e  
 
 
Figure 7.12 Mn family of curves for KUCC ore. 
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Figure 7.13 Percent passing M600 versus Ecs curve for KUCC ore. 
 
Table 7.5 Ore impact breakage parameters for the minerals in KUCC ore. 
KUCC Ore Minerals A' b' A'*b' 
Chalcopyrite 70.7 0.8 57.3 
Silicates 81.3 0.4 28.1 
Sulphides 86.6 0.5 43.6 
 
7.3.3 New model of mineral distribution across size fractions predictions 
The constructed maps of relative breakage of the ore and minerals can be used to predict the 
resulting product particle size distribution and mineral distribution of KB and KUCC ore. To 
determine how accurately the model works, a prediction was made for a breakage energy of 
0.4 kWh/t. Feed ore particles of KB and KUCC were then broken using the JK Rotary Breakage 
Tester (JK-RBT) at 0.4 kWh/t and the amount of minerals in each size fraction was analysed using 
the MLA. A detailed distribution of particle mass and mineral mass in each particle size fraction 
and the mineral head grade of KB and KUCC ore comminuted using JK-RBT at 0.4 kWh/t is 
presented in Table 7.6.  
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Table 7.6 Summary of the distribution of particle mass and mineral mass in each particle size 
fraction and the mineral head grade of KB and KUCC ore comminuted using JK-RBT at 0.4 
kWh/t. 
Ecs (kWh/t) KB Ore KUCC Ore 
Size (μm) Particle Pyrite Silicates Carbonates Particle Chalcopyrite Silicates Sulphides 
4750 / 3350 18.6 19.6 18.2 21.10 21.2 22.2 21.2 17.7 
2800 38.4 33.8 38.0 40.73 23.3 15.7 23.3 21.1 
1180 24.9 24.3 25.6 21.14 36.3 33.0 36.6 39.1 
850 4.5 4.1 4.7 3.42 4.8 4.4 4.8 3.8 
600 3.2 3.1 3.3 2.43 3.0 2.3 3.1 1.9 
425 2.3 2.4 2.4 1.87 2.1 1.9 2.2 1.9 
300 1.7 2.4 1.7 1.42 1.6 1.6 1.6 2.1 
212 1.1 1.6 1.1 0.98 1.1 1.3 1.1 1.2 
150 0.9 1.9 0.9 0.87 1.0 1.7 1.0 1.9 
106 0.6 1.5 0.6 0.64 0.8 2.4 0.7 2.2 
75 0.5 1.2 0.4 0.59 0.7 1.8 0.6 1.0 
53 0.4 1.1 0.3 0.54 0.6 2.0 0.6 1.2 
38 0.3 0.8 0.2 0.42 0.5 1.4 0.4 0.8 
0 2.7 2.3 2.6 3.87 3.0 8.1 2.8 3.8 
Calculated Head Grade 2.7 82.0 15.1  1.8 95.5 0.9 
 
Figures 7.14 and 7.15 show the good correspondence of KB and KUCC ore particle size 
distributions predictions compared to the measured results. These plots were derived from 
predictions made using the tn versus t10 plot (Predicted) and interpolations from these predicted 
values to coincide with the √2 sieve series (Interpolated) compared with the actual measurements 
(Measured).  
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Figure 7.14  Predicted, interpolated and measured particle size distributions of KB ore after 
breakage using 0.4 kWh/t. 
Figure 7.15  Predicted, interpolated and measured particle size distributions of KUCC ore 
after breakage using 0.4 kWh/t. 
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The relative breakage predictions for the minerals in the KB and KUCC ores are shown in Figures 
7.16 and 7.17. The “Predicted” values from predictions made using the Mn versus M600 curves and 
their “Interpolated” values for the pyrite, silicates and carbonates in KB ore presented in Figure 
7.16 show good correspondence to the measured values. This can also be observed in the plots of 
chalcopyrite, silicates and sulphides of KUCC ore presented in Figure 7.17.  
 
Figure 7.16 Predicted, interpolated and measured mineral distributions of KB ore after 
breakage using 0.4 kWh/t. 
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Figure 7.17  Predicted, interpolated and measured mineral distributions of KUCC ore after 
breakage using 0.4 kWh/t. 
It can be observed that there is a small amount of scatter in the predictions of particle size 
distribution in the coarse particle sizes above 1.18 mm for both the KB and KUCC ores in Figures 
7.14 and 7.15. The scatter in the data in the coarse sizes is also reflected in the predicted 
distributions of pyrite, silicates and carbonates in KB ore presented in Figure 7.16 and chalcopyrite, 
silicates and sulphides in KUCC ore presented in Figure 7.17. The scatter of values in the coarse 
sizes is most likely due to use of the JK-RBT as the breakage device in this work rather than the 
Drop Weight Tester (DWT) which is used in applying the “map of relative ore breakage” approach 
of Narayanan and Whiten (1983) (Morrison, 2016). The JK-RBT delivers the breakage impact to 
one side of the particle while the DWT delivers the breakage impact to two sides of the particle. 
The signature of the single sided breakage of the JK-RBT is that it generates more fines than 
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expected and a coarse tail on the distribution which has resulted in the scatter in the coarse sizes. It 
is recognised that the JK-RBT outputs are not a good match when the data are embedded in the 
model compared to the Drop Weight Tester with which the original “map of relative ore breakage” 
approach of Narayanan and Whiten (1983) was developed (Napier-Munn et al., 2005). Future 
research to model mineral distributions in breakage should use assess the results of both the JK-
RBT and DWT as breakage devices  
Overall, the agreement of predicted and measured values for the distribution of minerals in the KB 
and KUCC ores demonstrates that the approach adapted from the well proven “map of relative ore 
breakage” due to Narayanan and Whiten (1983) to predict distribution of minerals across the size 
fractions of the product works reasonably well for the two ore types which it has been developed 
on.  
The predicted values of particle size distribution and mineral distribution along with the head grade 
of the ore can be used to calculate the mineral grade in each size fraction. Figures 7.18 and 7.19 
show the parity graphs of the calculated and measured mineral grades of KB and KUCC ore for 
each of the product size fractions. Agreements between the calculated and measured values are 
mainly affected by the interpolations made from the predicted values which are derived using the 
relative breakage maps. This is especially evident when using the concept of one parameter (t) 
family of curves where interpolations of values using cubic spline are required to predict the 
product particle size distribution and an advantage of using the Mn family of curves is that this 
approach minimizes the need to interpolate values.  
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Figure 7.18 Correspondence of calculated and measured mineral grades of the particle size 
fractions of KB ore after breakage using 0.4 kWh/t. 
 
Figure 7.19 Correspondence of calculated and measured mineral grades of the particle size 
fractions of KUCC ore after breakage using 0.4 kWh/t. 
7.4 Flow chart  
The steps involved in applying the method developed here to model and predict the distribution of 
minerals in breakage product size fractions are summarised in the flowchart presented in Figure 
7.20. 
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Figure 7.20 The flowchart summarising the method to predict the distribution of minerals in 
breakage product size fractions. 
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7.4.1 Choosing the reference point to construct the Mn family of curves 
The technique suggested in choosing the reference point to construct the Mn family of curves is 
based on the value which is two to eight times the estimated average grain size of the mineral of 
interest and the value chosen should be equivalent to one of the screen aperture sizes. It was found 
that the Mn family of curves is not sensitive to the actual grain size where a reasonable estimate can 
be used as Mn.  However, it is recommended to compare it to other minerals in the ore to check 
whether the reference Mn makes sense.  As demonstrated above, M600 was chosen as the reference 
point for the KB and KUCC ore because the majority of the pyrite grains are occurring in the 150 
µm size range in the KB ore and 200 µm size in KUCC ore which are a quarter of the 600 µm size. 
Figure 7.21 shows the Mn family of curves using various Mn reference points for the pyrite in the 
KB ore. It can be observed that the M600 reference point of the Mn family of curves positions the 
other values of Mn in the plot most strategically compared with the graphs for M1180, M300 and M150 
which are also within the suggested range. When the reference point is set to more than eight times 
or less than the average mineral grain size of the mineral of interest, it can be observed that the Mn 
family of curves is contorted such that values cannot be read off easily any more.  
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Figure 7.21 Plots of Mn family of curves for pyrite in the KB ore using various reference 
points. 
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7.5 Conclusions 
The conclusions in this investigation include: 
 The distribution of minerals across size fractions varies as a function of the impact breakage 
energy for the ores tested.  
 A method of predicting the mineral distribution of breakage product size fractions as a 
function of specific breakage energy has been developed based on extending the “map of 
relative ore breakage” approach developed by Narayanan and Whiten (1983) to minerals. 
 For the ores tested, the predicted mineral distributions using the Mn family of curves 
corresponded well to the measured values for a range of input breakage energies. 
 
One important outcome of this work is that it provides opportunities to an alternative method for 
quantifying the mineral liberation of the breakage products. This method is a combination of the 
heuristic model and the new model of mineral distribution across size fractions described in this 
Chapter. It should be very useful as a key component of an integrated model of breakage and 
liberation that can link comminution and separation models in a continuous mineral processing 
simulation. 
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Chapter 8 Conclusions and Future Work 
8.1 Conclusions 
 
The overall aim of this research was to predict mineral liberation using a model based on random 
breakage of a measured texture, and to validate the model prediction against actual experimental 
breakage tests. This model to predict the liberation of minerals in breakage products is a key step in 
linking comminution and separation models in an integrated mineral processing simulator. Such a 
model would also allow metallurgists/operators to optimise grinding operations and respond to 
changes in ore characteristics. 
The first hypothesis tested in this thesis (Hypothesis A) was that a liberation model based on 
random breakage of ore textures measured in three dimensions using X-ray tomography will 
accurately predict the volumetric and cross-sectional area liberation distribution of products of 
impact breakage.  This hypothesis was assessed by using the JK Gaudin Random Liberation Model 
(JK-GRLM) which is a texture-based model of mineral liberation that uses the assumption of 
random breakage of the texture block to generate product particles.  
The research described in Chapters 4 and 5 addressed the first hypothesis. It was found in the study 
of Evans et al. (2013) that the original JK-GRLM did not accurately predict mineral liberation and 
if the reasons for the inaccurate results were determined, a better model to predict mineral liberation 
can be developed. The original version of the JK-GRLM was tested first against Wiegel’s (1976) 
published experimental data and model prediction which this approach was based on, and it was 
found that it generated comparable results (refer to Section 4.2.2). 
The original JK-GRLM was applied to generate the simulated product particle composition 
distribution of the Kanowna Belle (KB) and the Kennecott Utah Copper Corporation (KUCC) ore 
particles in this study. They were compared to measured results from MLA measurements of the 
product particles comminuted using three different impact breakage energies. It was conducted to 
determine whether the breakage energy input affects the liberation behaviour of the ore to test the 
second hypothesis of this thesis. The comparison of the simulated and measured results for both the 
KB and KUCC ores showed that the simulated cross-sectional area particle composition 
distributions using the original JK-GRLM did not predict accurately the measured values (refer to 
Section 5.5.2).   
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It was postulated that one of the potential reasons for the inaccurate predictions is due to the fact 
that the original JK-GRLM uses a defined average grain size distribution, assumes the mineral 
grains are cubic and distributes grains randomly in the ore texture rather than using the actual 
spatial arrangement and grain shape of the measured ore as its feed in the breakage simulation. 
Therefore, the JK-GRLM was re-coded in MATLAB from Visual Basic as developed by Michal 
Andrusiewicz (Evans et. al, 2013) to make several extensions of the model in this work. The 
extended model includes all of the features of the original JK-GRLM (Evans et. al, 2013) and can 
replicate its results for a given ore texture input. In this research, the original JK-GRLM concept has 
been extended to allow measured 3D ore textures to be used as direct input data and also to allow 
sampling volumes based on real particle shapes to be used in the simulation of breakage. The 
measured texture is used as the virtual block by reading data describing composition and spatial 
location directly from images of texture (i.e. 3D X-ray computed tomography images). This 
removes the assumptions required when creating the virtual block by using cubic mineral grains of 
defined size placed randomly into the volume of the block in the original JK-GRLM approach. 
Cubic shape samplers are routinely used in the JK-GRLM, generating cubic product particles, but 
sampler shapes consistent with the shape of physical products particles have been added for a more 
realistic outcome of particle breakage.  
Selected samples of KB ore were measured using X-ray tomography to test the predictive capability 
of the extended JK-GRLM. It was observed from the twelve KB mini cores that the sample 
containing the highest mineral grade does not necessarily have the coarsest mineral grain size (refer 
to Section 4.4.3). This remark contradicts the widely held belief in the mineral processing industry 
that the higher grade of an ore the coarser are its mineral grains. This research provides evidence 
that the ore texture, specifically mineral grain size distribution measured in 3D has a significant 
effect on liberation behaviour of minerals (refer to Section 5.2.3.1). In ores such as the KB ore 
which has regular shaped disseminated grains, the grain size distribution is easy to quantify 
accurately and the mineral grain size distribution can be used as a basis to classify ore texture in 
mineral liberation studies. 
The results of using the virtual block with the original JK-GRLM assumptions and the measured ore 
texture with the extended JK-GRLM to simulate the volumetric liberation distribution of the 
breakage products were compared using the KB ore. It was found that for KB ore used in the 
comparison which consists of regular shaped pyrite grains and disseminated in a silicate/carbonate 
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gangue matrix, the two approaches generated comparable results (refer to Section 4.5.1.2). 
However, it is clear that further research needs to be undertaken with ores containing a wider range 
of mineral textures (e.g. veins) to test this observation fully. This finding also implies that the pyrite 
grains in the matrix of KB ore are close to randomly distributed, since this is one of the assumptions 
made in creating the virtual block of the original JK-GRLM.  
The effect of using cubic and real particle shape samplers on the simulated volumetric liberation 
distribution was investigated using the KB ore. The results showed that cubic and real particle shape 
samplers generated comparable simulated volumetric liberation distribution results, except in the 
fine size fractions (refer to Section 5.3.1). The variation at fine sizes is possibly due to differences 
in the number of pyrite grains captured in the sampler with the variance increasing as the size 
decreases. 
A set of selected KB ore texture samples consisting of twelve KB mini core samples were broken in 
controlled impact breakage tests and the product particles were analysed using X-ray tomography to 
measure their volumetric liberation distribution. The comparison of the simulated and measured 
results of the KB mini core samples showed that twelve particles were not sufficient to provide the 
number and mass of product particles that delivers the appropriate level of confidence in the data to 
allow for statistical comparison. Also, the measurement resolution used in the X-ray tomography 
analyses was not sufficient to resolve the liberation distribution results in the very fine particle sizes 
(refer to Section 5.3.1). Further work is required to conclude whether the extended JK-GRLM to 
predict volumetric mineral liberation from measured ore texture produce reliable estimates. 
The presence of non-random breakage was investigated, since this is one potential reason that the 
JK-GRLM predicts inaccurate mineral liberation results since it assumes random breakage for 
simplification. Occurrences of non-random breakage, specifically grain boundary breakage have 
been detected in the KB ore (refer to Section 5.6). It was suggested to modify the extended JK-
GRLM to simulate the types of non-random breakage commonly observed in ores to cater for the 
ores which break non-randomly. 
 
Overall, for the ore textures used in this research, it was found that Hypothesis A was not supported 
that a liberation model based on random breakage of ore textures measured in three dimensions 
using X-ray tomography did not accurately predict the volumetric and cross-sectional area 
liberation distribution of products of impact breakage.  
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The second hypothesis tested in this thesis (Hypothesis B) was that the impact energy applied to 
break the ore has no significant effect on the measured liberation distribution of the particles in 
each size fraction of the broken product. If the hypothesis was correct the results would align with 
the heuristic model or as what has been commonly called the ‘rule of thumb’ that the degree of 
liberation of a mineral in a given size fraction remained almost constant through the grinding 
circuit, as observed in the work of Berube and Marchand (1984), Manlapig et al. (1985), Wightman 
et al. (2008) and Vizcarra (2010). These researchers had observed that the heuristic applied for a 
range of ore types and that the mode of breakage did not affect its applicability; however none had 
explicitly investigated the effect of a wide range of breakage energies. The research described in 
Chapter 6 addressed this hypothesis, investigating the effect over the range of energies which 
includes the breakage energies encountered in comminution devices.  
It was found that the amount of impact energy applied to break the KB and KUCC ores has no 
significant effect on the degree of liberation of a mineral in a given size fraction measured in 2D 
particle sections using MLA and this finding provides sound experimental evidence to support 
Hypothesis B and in turn, the heuristic model (refer to Section 6.2.3). This conclusion was derived 
from conducting both visual comparisons and using a rigorous statistical approach to compare the 
entire particle composition distribution from 0 to 100% liberation classes for each size fractions. 
This is an important finding as it emphasises the robust nature of the heuristic and confirms its 
applicability over the wide range of impact energies including those typically found in comminution 
devices. A method based on bootstrap resampling approach was developed to support the statistical 
analysis by estimating the confidence intervals of liberation distribution measurements for each 
individual liberation class based on the measured characteristics of the particles. This information is 
needed to determine whether any differences in the measured liberation results are statistically 
significant. 
However, as observed in this work and by other researchers, the degree of breakage in a 
comminution product can make substantial difference to the distribution of mineral mass across the 
product size classes. The common assumption of models based on random breakage that the 
distribution of minerals across size fractions is the same as the mineral content of the feed ore is not 
supported. As observed in the results of this work, it is due to difference in degree of breakage in 
each size fraction as opposed to different rates of breakage of the mineral components. In Chapter 7, 
a method of predicting the mineral distribution of breakage product size fractions as a function of 
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breakage energy has been developed based on extending the “map of relative ore breakage” 
approach developed by Narayanan and Whiten (1983) to minerals. The result of testing the 
predictive capability of the new model of mineral distribution showed that the predicted mineral 
distributions of the KB and KUCC ores corresponded well to the measured values for a range of 
input breakage energies (refer to Section 7.3.3).  
One important outcome of this work is that it provides a practical method for modelling and 
simulating the mineral liberation distribution in the breakage products. This method is a 
combination of the heuristic model and the new model of mineral distribution across size fractions. 
It should be very useful as a key component of an integrated model of breakage and liberation that 
can link comminution and separation models in a continuous mineral processing simulation. 
8.2 Future Work 
 
Further work is needed to implement the proposed approach of modelling mineral liberation in 
comminution, and to extend the understanding about the breakage process of ores. The 
recommendations for this work are as follows: 
 
 Test the predictive capability of the extended JK-GRLM on a range of ores with mineral and 
textural characteristics which differ from the two initial ores tested. 
 
 Test on many more ore types and extend to multiple feed size fractions the approach 
developed to model the distribution of minerals in breakage product size fraction based on 
the ‘relative ore breakage map’ of Narayanan and Whiten (1983).  
 
 Ensure that future experiments include a sufficient number of breakage tests to generate the 
required mass and number of particles in the broken product to provide good particle 
statistics and also analyse fine particles in the breakage product at a sufficiently high 
resolution in X-ray tomography to measure the liberation distribution of these particles.  
 
 Modify the extended JK-GRLM to simulate the types of non-random breakage commonly 
observed in ores to cater for ores which break non-randomly. 
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 Conduct a case study to ascertain whether the spatial distribution of pyrite in the KB ore is 
random, since this observation is supported by strong evidence in this study but is not 
proven.  
 
 Develop the image analysis tools which allow the research to extend the investigation to 
surface area and cross-sectional area liberation of the product particles measured using X-
ray tomography.  
 
 Test other modes of breakage aside from impact breakage used in this study to determine 
whether the breakage energy input in these other modes affects the liberation behaviour of 
the ore. 
 
 Conduct an investigation of how the physical properties of individual minerals in the ore and 
the mineral interfaces may influence liberation and breakage. 
 
 Investigate whether the heuristic model that the degree of liberation of a mineral in a given 
size fraction remained almost constant through the grinding circuit is applicable to other 
liberation distribution types such as volumetric and surface area. 
 
 Conduct case studies linking comminution and separation models in a continuous mineral 
processing simulation using the combination of the heuristic model and the new model of 
mineral distribution across size fractions. 
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Appendix A - Shadow X-ray radiograph images 
of the 49 mini core particles measured using 
Bruker Skyscan 1172 for the KB ore. 
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Appendix B – Rotating videos of the 12 mini 
core particles measured using Xradia 
Versa 500 XRM for the KB ore. 
 
 
The videos are found in a DVD. 
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Appendix C – The resulting P-values and the 
average number of measured particles in 
MLA for each two energy levels compared 
per composition classes and size fractions 
for KB and KUCC ores. 
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Below are the results for KB ore.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: P-values indicate the probability whether the null hypothesis (i.e. there is no difference between the particle composition distribution at different breakage 
energies) is true at the specified confidence level which in this case is 95%. 
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.57 0.77 0.18 0.39 0.72 0.17 0.24 0.45 0.64 0.74 -38 20264 16 9 9 6 6 5 10 14 199
-53/+38 0.00 0.20 0.66 0.69 0.67 0.10 0.34 0.05 0.11 0.00 -53/+38 14665 50 30 13 18 10 9 15 26 554
-75/+53 0.06 0.63 0.75 0.88 0.23 0.68 0.70 0.50 0.62 0.74 -75/+53 13801 69 32 23 15 11 12 18 27 587
-106/+75 0.36 0.29 0.03 0.38 0.89 0.96 0.14 0.12 0.78 0.06 -106/+75 12815 111 58 21 17 13 16 14 24 423
-150/+106 0.48 0.08 0.97 0.44 0.06 0.36 0.62 0.54 0.44 0.69 -150/+106 12218 122 59 29 19 14 12 15 14 285
-212/+150 0.00 0.01 0.12 0.07 0.09 0.21 0.37 0.58 0.24 0.00 -212/+150 20057 287 122 62 38 25 22 17 29 362
-300/+212 0.38 0.98 0.02 0.38 0.68 0.43 0.65 0.12 0.23 0.05 -300/+212 13035 212 81 29 25 14 9 12 15 151
-425/+300 0.49 0.51 0.77 0.56 0.29 0.33 0.25 0.78 0.84 0.69 -425/+300 14666 307 94 57 32 16 15 16 14 106
-600/+425 0.15 0.90 0.83 0.04 0.26 0.27 0.12 0.89 0.36 0.02 -600/+425 14033 388 133 64 37 20 14 10 10 67
-850/+600 0.86 0.36 0.86 0.13 0.88 0.27 0.68 0.53 0.24 0.38 -850/+600 5014 184 45 20 11 4 3 4 2 5
-1180/+850 0.39 0.38 0.13 0.63 0.82 0.14 error error error error -1180/+850 1417 57 13 3 3 2 0 0 0 0
-2800/+1180 0.39 0.37 0.69 0.31 0.31 0.14 0.31 0.29 0.33 error -2800/+1180 669 24 6 2 1 2 1 1 1 0
2.5 and 1.0 kWh/t
P-Values Average Number of Measured Particles
Size 
Fraction
Pyrite Composition Class (Wt%) Size 
Fraction
Pyrite Composition Class (Wt%)
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.33 0.86 0.38 0.62 0.24 0.68 0.13 0.37 0.65 0.61 -38 12971 17 12 9 8 5 9 9 19 269
-53/+38 0.06 0.02 0.70 0.00 0.00 0.35 0.65 0.46 0.01 0.00 -53/+38 9882 32 23 7 11 6 5 6 14 423
-75/+53 0.44 0.72 0.59 0.42 0.77 0.03 0.65 0.08 0.98 0.10 -75/+53 13565 67 31 22 13 15 12 19 27 550
-106/+75 0.23 0.58 0.23 0.39 0.02 0.36 0.38 0.68 0.79 0.17 -106/+75 12365 111 52 25 23 13 17 11 26 459
-150/+106 0.00 0.19 0.04 0.06 0.88 0.96 0.20 0.23 0.63 0.27 -150/+106 10461 101 49 27 11 17 18 16 21 354
-212/+150 0.39 0.12 0.26 0.88 0.58 0.48 0.08 0.56 0.03 0.05 -212/+150 19069 267 127 59 33 26 26 21 41 434
-300/+212 0.30 0.59 0.36 0.71 0.23 0.94 0.02 0.08 0.39 0.05 -300/+212 14066 262 95 43 32 19 16 16 19 193
-425/+300 0.00 0.05 0.27 0.85 0.85 0.56 0.73 0.85 0.60 0.11 -425/+300 14042 328 116 60 33 19 19 17 16 145
-600/+425 0.07 0.45 0.86 0.27 0.83 0.88 0.57 0.12 0.19 0.20 -600/+425 14127 416 145 76 38 22 22 14 13 69
-850/+600 0.08 0.71 0.35 0.29 0.32 0.10 0.06 0.35 0.21 0.50 -850/+600 5324 209 62 25 15 9 4 4 4 8
-1180/+850 0.00 0.05 0.17 0.97 0.53 error 0.34 0.28 error 0.21 -1180/+850 1282 60 12 4 3 0 1 1 0 1
-2800/+1180 0.78 0.64 0.36 0.24 0.26 0.14 0.31 0.29 error error -2800/+1180 689 25 4 2 1 2 1 1 0 0
2.5 and 0.1 kWh/t
P-Values
Size 
Fraction
Pyrite Composition Class (Wt%)
Average Number of Measured Particles
Size 
Fraction
Pyrite Composition Class (Wt%)
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0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.59 0.86 0.26 0.51 0.38 0.01 0.99 0.86 0.41 0.44 -38 13248 19 12 7 9 7 10 10 16 220
-53/+38 0.00 0.00 0.96 0.01 0.01 0.79 0.23 0.01 0.00 0.00 -53/+38 9433 32 21 7 10 9 7 12 15 332
-75/+53 0.26 0.90 0.36 0.48 0.29 0.01 0.39 0.30 0.65 0.06 -75/+53 12961 71 35 26 17 15 12 19 25 580
-106/+75 0.03 0.11 0.33 0.94 0.02 0.32 0.45 0.24 0.97 0.52 -106/+75 12849 116 59 30 27 16 20 16 27 447
-150/+106 0.00 0.00 0.02 0.14 0.08 0.21 0.43 0.45 0.70 0.09 -150/+106 12730 136 57 31 22 21 19 24 24 387
-212/+150 0.00 0.00 0.59 0.08 0.20 0.50 0.47 0.97 0.32 0.03 -212/+150 16087 254 119 63 34 27 23 19 41 341
-300/+212 0.05 0.58 0.07 0.53 0.40 0.37 0.01 0.95 0.03 0.90 -300/+212 14450 269 113 43 31 21 14 20 16 182
-425/+300 0.01 0.07 0.29 0.39 0.35 0.14 0.10 0.66 0.41 0.12 -425/+300 15507 380 141 69 40 23 20 17 16 155
-600/+425 0.78 0.34 0.68 0.23 0.18 0.16 0.01 0.14 0.59 0.23 -600/+425 12635 433 140 72 37 16 16 13 10 62
-850/+600 0.03 0.20 0.12 0.56 0.23 0.79 0.08 0.69 0.10 0.77 -850/+600 4673 194 55 26 14 10 4 5 2 7
-1180/+850 0.04 0.01 0.97 0.58 0.61 0.14 0.34 0.28 error 0.21 -1180/+850 1290 57 18 4 3 2 1 1 0 1
-2800/+1180 0.58 0.68 0.40 0.78 0.53 error error error 0.33 error -2800/+1180 588 26 5 2 2 0 0 0 1 0
0.1 and 1.0 kWh/t
P-Values Average Number of Measured Particles
Size 
Fraction
Pyrite Composition Class (Wt%) Size 
Fraction
Pyrite Composition Class (Wt%)
 
 
 
 
 
 
 
 
Note: P-values indicate the probability whether the null hypothesis (i.e. there is no difference between the particle composition distribution at different breakage 
energies) is true at the specified confidence level which in this case is 95%. 
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Below are the results for KUCC ore. 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
Note: P-values indicate the probability whether the null hypothesis (i.e. there is no difference between the particle composition distribution at different breakage 
energies) is true at the specified confidence level which in this case is 95%. 
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.54 0.84 0.80 0.76 0.24 0.98 0.13 0.62 0.44 0.77 -38 20700 20 11 16 13 7 9 11 20 434
-53/+38 0.04 1.00 0.56 0.27 0.90 0.23 0.66 0.12 0.90 0.28 -53/+38 20374 33 17 14 12 15 11 16 36 609
-75/+53 0.01 0.49 0.38 0.51 0.12 0.07 0.15 0.37 0.13 0.09 -75/+53 17430 37 16 11 12 13 12 22 38 518
-106/+75 0.72 0.42 0.26 0.45 0.46 0.62 0.56 0.32 0.09 0.05 -106/+75 16496 47 26 14 11 12 15 13 36 412
-150/+106 0.07 0.14 0.42 0.27 0.48 1.00 0.79 0.17 0.15 0.89 -150/+106 19823 53 25 24 26 16 16 18 27 346
-212/+150 0.00 0.00 0.63 0.37 0.41 0.85 0.45 0.22 0.28 0.07 -212/+150 17155 129 50 30 26 14 17 14 25 189
-300/+212 0.00 0.00 0.00 0.86 0.85 0.52 0.34 0.42 0.63 0.00 -300/+212 9163 93 36 19 13 9 7 5 8 45
-425/+300 0.00 0.11 0.20 0.61 0.08 0.43 0.91 0.90 0.61 0.00 -425/+300 9071 119 39 23 8 9 9 5 4 17
-600/+425 0.00 0.00 0.78 0.23 0.23 0.71 0.29 0.33 0.29 0.00 -600/+425 6355 114 37 13 8 6 3 2 1 6
-850/+600 0.00 0.72 0.10 0.52 0.13 0.22 0.30 error 0.34 0.21 -850/+600 3341 69 25 8 1 2 1 0 1 1
-1180/+850 0.01 0.36 0.02 0.91 0.35 error 0.32 error error error -1180/+850 1794 34 12 4 1 0 1 0 0 0
-2800/+1180 0.58 0.76 0.31 error 0.34 error error error error error -2800/+1180 725 15 1 0 1 0 0 0 0 0
 2.5 and 0.1 kWh/t
P-Values Average Number of Measured Particles
Size 
Fraction
Chalcopyrite Composition Class (Wt%) Size 
Fraction
Chalcopyrite Composition Class (Wt%)
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.70 0.23 0.49 0.61 0.24 0.52 0.60 0.09 0.35 0.23 -38 20593 12 8 9 11 6 4 6 12 378
-53/+38 0.53 0.47 0.48 0.28 0.58 0.05 0.80 0.47 0.07 0.06 -53/+38 18602 22 12 8 5 7 7 11 26 526
-75/+53 0.98 0.84 0.08 0.23 0.56 0.28 0.37 0.42 0.02 0.18 -75/+53 15107 24 13 10 12 7 9 16 24 460
-106/+75 0.89 0.07 0.36 0.91 0.53 0.39 0.42 0.09 0.84 0.48 -106/+75 13696 28 17 8 9 11 6 7 17 335
-150/+106 0.21 0.78 0.86 0.20 0.09 0.53 0.11 0.07 0.12 0.79 -150/+106 16084 45 23 19 15 11 10 14 20 256
-212/+150 0.00 0.00 0.32 0.18 0.65 0.41 0.67 0.98 0.26 0.00 -212/+150 17240 117 38 27 22 15 17 12 18 172
-300/+212 0.00 0.01 0.22 0.32 0.44 0.48 0.92 0.35 0.81 0.00 -300/+212 15422 124 60 21 14 14 13 10 11 79
-425/+300 0.02 0.89 0.09 0.90 0.23 0.66 0.49 0.82 0.36 0.53 -425/+300 15419 175 58 34 15 13 16 9 9 34
-600/+425 0.00 0.10 0.71 0.22 0.29 0.69 0.21 0.17 0.14 0.00 -600/+425 9654 158 53 16 12 7 7 3 1 8
-850/+600 0.04 0.02 1.00 0.74 0.64 0.49 0.33 0.31 0.96 0.18 -850/+600 4658 102 28 9 3 3 1 1 1 2
-1180/+850 0.94 0.41 0.40 0.21 0.35 error error error error error -1180/+850 1605 25 5 3 1 0 0 0 0 0
-2800/+1180 0.44 0.22 0.28 error error error error error error error -2800/+1180 753 14 1 0 0 0 0 0 0 0
 2.5 and 1.0 kWh/t
P-Values Average Number of Measured Particles
Size 
Fraction
Chalcopyrite Composition Class (Wt%) Size 
Fraction
Chalcopyrite Composition Class (Wt%)
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Note: P-values indicate the probability whether the null hypothesis (i.e. there is no difference between the particle composition distribution at different breakage 
energies) is true at the specified confidence level which in this case is 95%. 
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100%
-38 0.31 0.26 0.57 0.84 0.97 0.51 0.52 0.11 0.90 0.38 -38 20485 13 8 11 7 7 8 7 12 436
-53/+38 0.18 0.43 0.18 0.99 0.42 0.00 0.85 0.40 0.04 0.00 -53/+38 18255 27 14 9 9 9 11 16 29 536
-75/+53 0.01 0.38 0.43 0.60 0.42 0.43 0.64 0.97 0.00 0.00 -75/+53 18073 37 19 15 10 12 13 17 31 491
-106/+75 0.65 0.15 0.87 0.49 0.91 0.64 0.13 0.33 0.11 0.23 -106/+75 17762 41 26 14 16 16 14 17 42 483
-150/+106 0.61 0.08 0.33 0.74 0.27 0.46 0.16 0.41 0.79 0.88 -150/+106 17547 48 27 23 22 12 12 20 34 319
-212/+150 0.40 0.70 0.52 0.57 0.20 0.46 0.72 0.21 0.01 0.04 -212/+150 16933 112 44 30 29 19 20 19 31 241
-300/+212 0.02 0.11 0.02 0.17 0.27 0.94 0.27 0.91 0.37 0.44 -300/+212 13181 108 51 27 16 14 14 8 12 100
-425/+300 0.01 0.13 0.95 0.52 0.43 0.32 0.47 0.96 0.76 0.01 -425/+300 12005 137 53 27 9 11 13 6 8 40
-600/+425 0.01 0.04 1.00 0.96 0.67 0.54 0.05 0.51 0.72 0.04 -600/+425 6235 98 38 16 13 6 6 2 2 14
-850/+600 0.09 0.16 0.11 0.38 0.06 0.32 0.65 0.31 0.35 0.40 -850/+600 3572 83 26 8 3 1 1 1 1 3
-1180/+850 0.01 1.00 0.00 0.30 error error 0.32 error error error -1180/+850 1446 29 12 3 0 0 1 0 0 0
-2800/+1180 0.21 0.41 0.74 0.00 0.34 error error error error error -2800/+1180 624 11 2 0 1 0 0 0 0 0
 0.1 and 1.0 kWh/t
P-Values Average Number of Measured Particles
Size 
Fraction
Chalcopyrite Composition Class (Wt%) Size 
Fraction
Chalcopyrite Composition Class (Wt%)
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